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Photosystem II (PS II) is a photochemical oxidoreductase enzyme capable of splitting 
water and initiating photosynthesis. Photosystem II functions by removing electrons from 
water, and transferring them via a series of cofactors to a bound quinone QA. The electron is 
then passed to an exchangeable plastoquinone QB, which after a second reduction can 
dissociate as reduced plastoquinol, to be replaced by a new oxidized plastoquinone. Located 
between QA and QB is a bicarbonate molecule ligated to a non-heme iron (NHI). This 
bicarbonate appears to participate in a hydrogen bonding network which connects the NHI 
with the cytosol (or stroma in plants). In addition to the bicarbonate, the hydrogen bonding 
network is made up of many residues from the DE loop of the D1 subunit of PS II. The 
purpose of this study was to investigate the role that the bicarbonate ligand plays in PS II 
function. To achieve this, targeted mutagenesis was used to generate a series of mutants 
within the bicarbonate environment in the cyanobacterium Synechocystis sp. PCC 6803. 
Additionally, mutants were made in the DE loop of the D1 subunit, to investigate how the DE 
loop affects the bicarbonate environment. Physiological characterisation of the mutant strains 
indicated that the bicarbonate ligated to the NHI plays a role in QA
- to QB electron transfer. 
Additionally, following migration of the electron onto QB, the participation of the bicarbonate 
in the hydrogen bonding network is required for rapid protonation of reduced QB
- or QB
2-(H+). 
Furthermore, the alteration of the bicarbonate environment frequently resulted in sensitivity 
to high light, supporting the putative role of bicarbonate in limiting the production of reactive 
oxygen species during high light conditions. Finally, the mutation of the DE loop indicated 
that restriction of DE loop movement is important for effective PS II activity. The 
characterisation of the DE loop mutants also led to the proposal of a model for the process of 
PS II repair following photodamage, whereby, photodamage to the DE loop induces DE loop 
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Chapter 1  
Literature review 
1.1 Introduction 
Photosynthesis is one of the most important chemical processes for life on earth. 
Photosynthetic organisms are the start of nearly every food chain, while oxygenic 
photosynthesis generates oxygen which is required for aerobic respiration and the ozone 
layer. Both the ozone layer and aerobic respiration are required to support complex life. 
Furthermore, photosynthesis takes up CO2, making photosynthesis an important factor in the 
limitation of global warming. 
Research into photosynthesis may lead to development in areas such as solar panel 
optimization, higher crop yields or carbon capture technology as knowledge of the naturally 
evolved system may lead to technological advances in these fields. 
 
1.2 Photosynthesis 
Photosynthesis can be separated into light reactions and dark reactions. The light 
reactions covert light energy into chemical energy in the form of ATP and NADPH in a 
reaction called the ‘Hill reaction’ (Equation 1). 
(Equation 1) 
2H2O + 2A                     O2 + 2AH2 
 
The dark reactions use the ATP and NADPH in the ‘Calvin-Benson cycle’ to fix CO2 





higher plants perform oxygenic photosynthesis, where the electrons required for 
photosynthesis are obtained by oxidising H2O, forming O2 as a bi-product. Alternatively, the 
purple sulfur bacteria perform anoxygenic photosynthesis where H2S is oxidised to sulfur to 
provide the electrons for photosynthesis (Parsons and Warshel, 2009). 
The light reactions of oxygenic photosynthesis are carried out by 4 major membrane 
bound protein complexes. These are 2 photochemical oxidoreductase enzymes (Photosystem 
II and Photosystem I), a non-photochemical oxidoreductase enzyme (cytochrome b6f) and 
ATP synthase (Figure 1.1).  
Figure 1.1. Overview of the light reactions of oxygenic photosynthesis. Green or yellow boxes 
represent the 4 major proteins involved in the photosynthetic light reactions. The grey layer represents 
the thylakoid membrane. Movement of electrons is shown with black arrows. Incoming light energy 
is shown with red arrows. The faint blue arrow indicates the flow of protons across the membrane 




PS II oxidises H2O to O2, while passing the electrons to PS I via cyt b6f (reviewed in 
Nelson and Yocum, 2006). The process of electron transfer from PS II to PS I generates a 
proton gradient across the membrane, driving ATP synthase. ATP synthase generates ATP 
(Mitchell, 1961), while PS I is able to transfer electrons onto NADP generating NADPH. 
This process converts light energy into the chemical energy required for the Calvin-Benson 
cycle (Renger and Renger, 2008; Blankenship, 2014; Croce and van Amerongen, 2014). 
 
1.3 Photosystem II 
1.3.1 Photosystem II structure 
PS II is a 700 kDa homo-dimeric, transmembrane protein complex found in thylakoid 
membranes of cyanobacteria, algae and higher plants (Figure 1.2).  
Figure 1.2. Structure of a Photosystem II dimer. Image generated from PDB 3ARC (Umena et 
al., 2011). The 3ARC PDB file was deemed to be sufficiently accurate for this large scale 





Each PS II monomer is made up of a core complex and a peripheral complex. The core 
complex is made up of a hetero-dimer made up of the D1 and D2 subunits, bound by the 
antenna subunits CP43 and CP47. The D1 and D2 subunits make up the primary reaction 
centre, while the CP43 and CP47 subunits absorb light energy and transfer it to the D1/D2 
reaction centre (Telfer, 2002). The core complex has been shown to be capable of performing 
single photochemical events independent of the peripheral complex (Namba and Satoh, 1987; 
Keren et al., 2004). In cyanobacteria, the peripheral complex is made up of 13 low molecular 
weight (LMW) transmembrane subunits, and 3 extrinsic subunits bound on the luminal side 
of the membrane. (Zouni et al., 2001; Kamiya and Shen, 2003; Ferriera et al., 2004; Loll et 
al., 2005; Umena et al., 2011). Alternatively, the peripheral complex in algae and higher 
plants contains 17 LMW transmembrane subunits (Pagliano et al., 2013), while algae also 
have an additional fourth extrinsic protein (Ago et al., 2016). The roles of the peripheral 



















 The majority of the cofactors required for water splitting are located in subunits D1 
and D2. Four weakly coupled chlorophyll pigments and two pheophytin molecules shared 
between D1 and D2 make up the photoactive reaction centre P680. This is the site of light-
induced charge separation (reviewed in Diner and Rappaport, 2002; Cardona et al., 2012). 
Opinions are divided concerning whether the weak electronic coupling of these pigments 
allows them to behave as a multimer, delocalising the charge over the entire cluster (Durrant 
et al., 1995), or whether the electron is rapidly passed between the various individual 
pigments (Raszewski et al., 2008; reviewed in Cardona et al., 2012). Another important 
cofactor of PS II is a cluster of manganese, calcium and oxygen atoms (Mn4CaO5) located 
primarily in D1, with 2 ligands coming from CP43. This cluster (hereafter known as the Mn-
Figure 1.3. Diagram of a Photosystem II monomer. The core complex is made up of D1 (light green), 
D2 (dark green), CP43 and CP47 (both blue). The transmembrane proteins of the peripheral complex 
are represented as a band around the core complex (lime green). The extrinsic proteins of the 




cluster) is the catalytic site of water oxidation. Furthermore, D1 and D2 contain many 
cofactors involved in the transfer of electrons and stabilisation of the charge separation, such 
as pheophytin and quinone compounds which are tuned by their protein environment toaccept 
electrons and pass these along the electron transport chain (Suga et al., 2014) (Figure 1.4).  
1.3.2 Photosystem II function  
Photosystem II is an oxidoreductase enzyme: oxidising H2O and reducing plastoquinone. 
Light captured by the PS II antenna systems is transferred to the D1/D2 reaction centre where 
it excites P680 (Kern and Renger, 2007). The excitation of P680 results in a charge 
Figure 1.4. The cofactors of PS II involved in electron transfer. The cofactors are only shown in one 
of the monomers. PS II is shown in grey. The Mn-cluster where water-splitting catalysis occurs is 
shown in red (O atoms), magenta (Mn ions), and cyan (Ca) balls. The pigments which make up P680 
are shown in green. The redox active cofactor are shown in yellow (redox active tyrosine), blue 






separation event. To stabilise the radical ion pair and prevent recombination, the electron is 
rapidly passed to the cofactor pheophytin (Pheo) located in D1, which in turn transfers the 
electron to the bound quinone QA, located in D2. Meanwhile the positive charge on P680 is 
reduced by a nearby redox active tyrosine (YZ), which is in turn reduced by an electron from 
the Mn-cluster (Renger, 2012). The transfer of electrons not only separates the charges 
spatially, but the Mn-cluster and QA cofactors have substantially different redox midpoint 
potentials, creating an energy barrier impeding charge recombination (Rappaport et al., 2005; 
Kato et al., 2015).  Electrons can pass from QA
- to QB forming the singly reduced 
semiquinone QB
-, which is stabilised by protonation. This further separates the charges, 
discouraging charge recombination. A second charge separation event results in the reduction 
of the QB semiquinone to reduced plastoquinol (QBH2) (de Wijn and van Gorkom, 2001), 
which diffuses into the thylakoid membrane to be replaced by a new fully oxidised 
plastoquinone (Eaton-Rye and Govindjee, 1988a; Eaton-Rye and Govindjee, 1988b) (Figure 
1.5). The dissociation of QB after two reductions is termed the ‘two-electron gate’. The 
reduced plastoquinol is then oxidised back to plastoquinone by cyt b6f, effectively 
transferring electrons from the Mn-cluster to cyt b6f (van Eerden et al., 2017). Further charge 
separation events sequentially remove electrons from the Mn-cluster until it builds up enough 
oxidising potential to oxidise 2H2O to O2 and 4H
+. The protons which stabilise QB
- or QB
-
(H+) ultimately come from the cytosolic side of the thylakoid membrane (or stromal side in 
plants), while QBH2 oxidation by cyt b6f deposits the protons on the lumenal side of the 
membrane. This, along with the release of protons on the lumenal side from water splitting 
generates a proton gradient across the thylakoid membrane, which is used to drive ATP 












1.3.3 Photosystem II electron transfer  
Marcus theory (Marcus and Sutin, 1985) defines electron transfer in proteins. According 
to Marcus theory, the rate of electron transfer in PS II is determined by: a) the energy 
difference between the two redox cofactors i.e. the difference in the redox midpoint potentials 
of two cofactors; b) the reorganisation energy i.e. the energy required to move the various 
solvents or stabilising residues; c) the distance between the two redox cofactors; and d) the 
temperature.  
 
1.3.4 Photolysis of water in Photosystem II 
As discussed earlier, in PS II water is broken down by the Mn-cluster. The Mn-cluster is 
made up of 4 manganese ions, a calcium ion and 5 oxygen atoms held in a ‘distorted chair’ 
Figure 1.5. Diagram of the PS II core complex. Subunits and cofactors are labelled with subunits in 
bold. A non-heme iron with bicarbonate ligand is also included. The non-heme iron is labelled as Fe2+, 
with the bicarbonate depicted with red circles representing oxygen atoms and the white circle 
representing a carbon. Black arrows represent the flow of electrons. The red arrow indicates light 
photons exciting the P680 pigment complex. 
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In its ground state (lowest oxidation state) the Mn cluster has three Mn3+ ions and one 
Mn4+ (Kulik et al., 2005; Kulik et al., 2007); however, charge separation events at P680 pull 
electrons off the manganese ions, increasing their oxidation state. This builds up the overall 
oxidising potential of the Mn-cluster, eventually allowing it to perform water-splitting. The 
different oxidation states of the cluster are termed ‘S-states’. There are 5 S-states termed S0 to 
S4. Successive charge separation events cause the Mn-cluster to cycle through the S-states, in 
what is termed the ‘Kok cycle’ (Kok et al., 1970). S0 to S3 are semi-stable (the S2 and S3 
states will decay back to S0 
 or S1 states within minutes) and each have their own 
characteristic oxidation state and redox potential but the S4 state is only formed transiently in 
the process of water oxidation (Joliot et al., 1971) (Figure 1.7). The exact mechanism of 
water splitting is presently unknown. However, a mechanism has been hypothesised based on 
Figure 1.6. Diagram of the manganese cluster. Manganese atoms are in blue, oxygen atoms are red 
and calcium atoms are yellow. The numbering of the atoms is based on the standard numbering of the 





X-ray-derived crystal structures of PS II in the S3 state, whereby, the insertion of a water 
molecule near the O5 oxygen in the Mn-cluster allows an O=O double bond to form between 
the oxygen of the inserted water and the O5 oxygen (Suga et al., 2017; Kern et al., 2018).  
Energetically each of the S-state transitions have reasonably similar excitation energies. 
This allows water oxidation to occur without large over-potentials and without requiring high 
energy photons. This is due to precise tuning of the Mn-cluster by the protein environment, 
and is noticeably absent in many small chemical analogues of PS II, which often have 




















1.3.5 Roles of the low molecular weight proteins 
The roles of the transmembrane LMW protein subunits in cyanobacteria include PS II 
dimer stabilisation, acceptor side electron transfer and photoprotection (Katoh and Ikeuchi, 
Figure 1.7. Overview of water splitting in PS II. (A) Overall reaction which occurs at the Mn-cluster. 
(B) Diagram of the Kok cycle. The oxidation states of the Mn atoms are shown. (C) Energetic view of 
the Kok cycle. The energy levels shown in panel C are just approximations. Protons and electrons 
which are removed in the S-state transitions are shown in blue and green, respectively. Light photons 




2001; Komenda et al., 2005; Bentley et al., 2008; Luo and Eaton-Rye, 2008; Jackson et al., 
2014; Biswas et al., 2018). Additionally, the cytochrome b559 subunit is involved in cyclic 
electron transfer, quenching excess excitation energy in high light conditions (Pospisil, 2011). 
The extrinsic protein subunits appear to be involved in stabilisation of the Mn-cluster and 
efficient supply of substrates to the Mn-cluster, and the removal of products (Kimura et al., 
2002; Veerman et al., 2005; Roose et al., 2007). One LMW subunit of particular significance 
in this study is the PsbT subunit. The PsbT subunit appears to interact with the DE loop of D1 
on the acceptor side, and the CP43 subunit on the donor side (Figure 1.8). The PsbT subunit 
appears to play a role in QA







1.3.6 Photosystem II evolutionary history 
Oxidative photosynthesis is believed to have evolved approximately 3 billion years ago 
(Crowe et al., 2013; Satkoski et al., 2015). One of the leading theories regarding the evolution 
Figure 1.8. Diagram of the interaction between D1 and PsbT. D1 (light green) and D2 (dark green) 
are shown with relevant cofactors labelled with the bicarbonate depicted with red circles representing 
oxygen atoms and the white circle representing a carbon. Interaction between D1 and PsbT (yellow) 
is shown as dashed lines. Black arrows represent the flow of electrons. Red arrow represents light 
energy exciting P680.  
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of PS II is that an ancestral photochemical oxidoreductase protein diverged into ‘Type 1’ and 
‘Type 2’ enzymes. The Type 1 proteins then evolved into the PS I reaction centre proteins 
and the analogous proteins in anoxygenic photosynthesis, while the Type 2 reaction centre 
proteins evolved into D1 and D2, and their analogous proteins in anoxygenic photosynthesis 
(Cardona, 2016). It also appears that the CP43 and CP47 antenna proteins evolved from the 
truncation of a Type 1 ancestor protein, as they share several structural similarities to 
domains within the PS I reaction centre proteins (Mix et al., 2005). The additional LMW 
proteins found in the peripheral complexes of PS II and PS I are not found in the anoxygenic 
reaction centre complexes. One leading hypothesis is that LMW transmembrane proteins 
were bound to the ancestral photochemical oxidoreductase protein, which evolved into the 
LMW subunits found in PS II and PS I, while in the anoxygenic reaction centres many of the 




In cyanobacteria, active PS II and PS I centres can attach to large light harvesting 
proteins complexes called phycobilisomes. Phycobilisomes are one of the largest protein 
complexes in the living world and are made up of stacks of pigment containing proteins 
called phycobiliproteins which absorb light energy and funnel it with extremely high 
efficiency to a terminal emitter protein. This terminal emitter is then able to pass the light to 
attached photosystems (PS II or PS I) (Zhang et al., 2017). Recent data suggests that the 
Phycobilisome may weakly bind to both PS II and PS I simultaneously, forming mega-
complexes of all three protein complexes, allowing for efficient energy transfer (Liu et al., 
2013). It is believed that nanometre scale rearrangements in the super-complex can alter the 




from the phycobilisomes to the photosystems are call ‘state-changes’ and can balance the 
rates of PS II and PS I photochemistry when changes in light quality causes an imbalance in 
PS II and PS I activity (Chukhutsina et al., 2015). 
 
1.4 Assembly and repair of photosystem II 
1.4.1 Photosystem II assembly 
The assembly of PS II is achieved by a co-ordinated modular approach. Each of the 4 
main core proteins (D1, D2, CP43 and CP47) forms their own module containing LMW 
proteins (Nixon et al., 2010; Komenda et al., 2012). The modules assemble in a co-ordinated 
fashion with the module containing a pre-processed D1 subunit and the D2 module initially 
binding before the CP47 module binds and eventually the CP43 module. Finally the extrinsic 
proteins bind to the pre-complex. An additional extrinsic protein PsbQ, which is not observed 
in the PS II X-ray crystal structures (Umena et al., 2011), is hypothesised to weakly bind to 
the fully assembled PS II dimer and appears to be the last protein to bind (Roose et al., 2007; 
Liu et al., 2014). Multiple PsbQ subunits are also hypothesised to bind to the lumenal side of 
PS II during assembly before they are displaced by the other extrinsic proteins (Liu et al., 
2015), however, this is yet to be confirmed. Upon completion of the final structure, C-
terminal modifications to the D1 precursor generate a mature D1 protein and the Mn-cluster 
is assembled by a process called photoactivation (Figure 1.9). Photoactivation prevents the 
Mn-cluster from functioning before the centre is fully assembled, which could lead to PS II 
damage (reviewed in Bao and Burnap, 2016). There are many other proteins involved with 
assembly which are not present in the final structure. These assembly factor proteins regulate 
assembly and protect the exposed hydrophobic regions of unassembled modules (Mabbit et 

















Figure 1.9. Biosynthesis of a PS II monomer in cyanobacteria. The D2 protein module (containing the 
cytochrome b559 subunit) binds to the D1 protein module (containing the PsbI subunit). The CP47 
module (containing the PsbL, PsbT, PsbY, PsbH, PsbX, PsbM subunits) then binds to the pre-
complex. The CP43 module (containing the Psb30, PsbK, PsbZ subunits) then binds to the pre-
complex. Next, the extrinsic proteins (PsbO, PsbU, PsbV and PsbQ) bind, followed by D1 processing 
and photoactivation which activates the complex into an active PS II monomer. D1 is shown in light 
green, D2 is shown in dark green, CP43/CP47 are shown in light blue, transmembrane LMW subunits 
are shown in grey, extrinsic subunits are shown in pink. LMW subunits are labelled using their gene 
designation letter. The location of the transmembrane subunits does not represent their actual location 




1.4.2 Photosystem II damage 
The unique ability of PS II to oxidise H2O to O2 is due to extremely powerful oxidising 
agents. The P680 ● radical has a redox potential of approximately +1.3 V, making it the 
strongest oxidant in biology (Rappaport et al., 2002; Hasegawa and Noguchi, 2005). The 
powerful oxidant in PS II presents a risk that PS II may damage itself. Furthermore, the 
generation of O2 can be accompanied by the formation of damaging reactive oxygen species 
(ROS) through numerous pathways (reviewed in Pospisil, 2011). A common pathway for 
ROS formation is when charge recombination occurs between Pheo- in its triplet state and 
P680+. This charge recombination generates triplet chlorophyll. If oxygen is present when the 
triplet chlorophyll decays, then highly toxic singlet oxygen is produced (Vass and Cser, 
2009). Triplet Pheo- can form through a spin state transition in singlet Pheo- which is 
relatively slow. Alternatively, electron transfer from QA
- to Pheo, has an equal chance of 
generating singlet or triplet Pheo-. Consequently, electron transfer from QA
- to Pheo is the 
dominant pathway for 3[P680+Pheo-] formation (Krieger-Liszkay et al., 2008). Despite most 
of the chlorophyll pigments being located CP43 and CP47, triplet chlorophyll rarely forms in 
the antenna proteins due to the presence of nearby carotenoid pigments which can quench the 
triplet chlorophyll and dissipate the energy as heat (Edge and Truscott, 1999).  
Photosystem II is frequently damaged in high-light conditions as high flux through the 
system causes the electron transport system to become backed up, resulting in the oxidising 
or reducing agents having extended lifetimes increasing the chance of damage to PS II itself. 
Extended QA
- lifetimes can lead to increased 3[P680+Pheo-] formation, as discussed above, 
this leads to singlet oxygen production. Alternatively, long-lived redox components may 
interact directly with O2 resulting in the production of damaging superoxides (O2
-) (reviewed 





1.4.3 DE loop 
In the D1 protein the loop region located between the D and E helices (DE loop) is the 
most frequently damaged part of PS II (Ohad et al., 1984; Greenberg et al., 1987). This could 
be in part due to its proximity to a nearby non-heme iron which has been shown to facilitate 
ROS production (reviewed in Pospisil, 2016). DE loop mutants exhibit a range of phenotypes 
including accelerated degradation in low light conditions and retarded rates of electron 
transfer on the acceptor side (Nixon et al., 1995; Mulo et al., 1997). 
The DE loop region of the D1 protein is highly conserved across many photosynthetic 
organisms (Figure 1.10). The residue alignment shown in Figure 1.10 shows that much of the 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.4.4 PS II repair 
As discussed in section 1.4.3, the D1 subunit is the most frequently damaged subunit of 
PS II (specifically the DE loop). Consequently, PS II has evolved a repair cycle in which the 
damaged D1 is removed and replaced without the need to synthesise an entirely new PS II 
complex, reducing the metabolic cost of photodamage repair. The current model for the PS II 
repair cycle begins with the separation of the PS II dimer into monomers, followed by the 
dissociation of CP43 and various peripheral subunits, exposing D1. FtsH proteases then 
degrade the damaged D1, and a newly synthesised inactive D1 subunit is inserted into place, 
while the chlorophyll from the degraded D1 is recycled (Silva et al., 2003; Komenda et al., 
2006; Boehm et al., 2012). The PS II monomer is then reassembled and the nascent D1 is 
activated via photoactivation, before the PS II dimer is re-formed (Aro et al., 1993; Nixon et 





















Figure 1.11. Repair of cyanobacterial Photosystem II after photodamage. When the active 
photosystem is photodamaged the extrinsic proteins (pink ovals) leave the complex. Next the CP43 
module is removed, exposing the damaged D1 subunit. The damaged D1 subunit is removed and 
degraded, while the chlorophyll from the degraded D1 is scavenged and recycled during synthesis of 
the nascent D1 module. The nascent D1 subunit binds to the disassembled complex. This is followed 
by re-binding of the CP43 module, and then the re-binding of the extrinsic proteins. Finally the 
nascent D1 protein is processed and photoactivated, generating an active PS II monomer. 
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1.4.5 High light inducible proteins 
Cyanobacteria contain a family of high light inducible proteins that can bind to PS II. 
These proteins contain a β-carotene pigment allowing them to absorb and quench excitation 
energy from PS II subunits. High light inducible proteins have been seen to bind to protein 
modules during PS II repair to prevent premature photochemistry in the unassembled 
modules (Reviewed in Komenda and Sobotka, 2016). The high light inducible proteins also 
appear to play a role in the recycling of chlorophyll from degraded D1 subunits (Vavilin et 
al., 2007). Furthermore, binding of these high light inducible proteins was shown to prevent 
formation of singlet oxygen in damaged PS II complexes (Sinha et al., 2012). 
 
1.5 Bicarbonate in Photosystem II 
1.5.1 The iron-quinone acceptor complex 
The region of PS II on the cytosolic side of the thylakoid membrane is termed the 
‘acceptor side’, as it accepts the electron from the charge separation at P680. The QA and QB 
cofactors are located on the acceptor side, with a non-heme iron (NHI) equidistant between 
them (Suga et al., 2014). The NHI is believed to play a role in the structural stability of the 
D1/D2 hetero-dimer (Debus et al., 1986; Muh et al., 2012). The NHI is bound in a 
hexadentate formation with 2 monodentate ligands coming from two D1 histidine residues, 2 
monodentate ligands coming from two D2 histidine residues and a bidentate bicarbonate 
ligand. This region is termed the iron-quinone acceptor complex. Notably the DE loop is 
located directly above the bicarbonate, with many DE loop residues appearing to interact with 




1.5.2 The Bicarbonate ligand 
The role of the bicarbonate ligand to the NHI is not completely understood, however, it 
appears to have numerous roles in both electron/proton transport and photo-protection during 
high light and low CO2 conditions (reviewed in Shevela et al., 2012). Removal of the 
bicarbonate ligated to the NHI has been shown to slow the ‘Hill reaction’ (Warburg and 
Krippahl, 1958; Khanna et al., 1977; Blubaugh and Govindjee, 1986). This has been termed 
the ‘bicarbonate effect’.  
The bicarbonate ligand appears to play a role in the electron transport between QA
- and 
QB (Wydrzynski, 1975; Pulles et al., 1976), causing slowed electron transfer in the absence of 
bicarbonate. The effect of the bicarbonate on electron transport appears to be due to the 
bicarbonate dependent modulation of the QA
- redox potential (Brinkert et al., 2016). Removal 
of the bicarbonate makes the redox potential of QA
- more positive, reducing the energy gap 
between QA and QB, which has the effect of thermodynamically pushing the equilibrium of 
QA
- to QB electron transfer back towards QA
-
 (Brinkert et al., 2016; Allen and Nield, 2017).  
Brinkert et al. (2016) also showed that long lived QA
- species facilitate bicarbonate 
dissociation by weakening interaction between bicarbonate and the NHI. The relationship 
between the QA
- redox potential and bicarbonate binding is believed to be an important factor 
in the PS II response to high light or low CO2 conditions. The model based on this finding is 
as follows, high light or low CO2 causes the electron transfer chain to become fully reduced, 
resulting in long lived QA
- species. As discussed in section 1.4.2, long lived QA
- species can 
lead to ROS formation. Therefore to limit ROS production in stressful conditions, long lived 
QA
- species trigger bicarbonate dissociation, causing the QA
- redox midpoint potential to 
become more positive, increasing the thermodynamic barrier between QA
- and Pheo, and 
reducing the energy gap between QA
- and QB. This causes slowed QA
- to QB electron transfer; 
however, it also greatly slows QA




Pheo- (Figure 1.12). This reduces the amount of ROS produced in conditions when long lived 
QA
- species are present. When conditions return to normal, electron transfer components can 
oxidise QA
- allowing bicarbonate to re-bind, restoring rapid rates of PS II turnover (Brinkert 
et al., 2016; Allen and Nield, 2017).  
Figure 1.12. QA- redox potential with and without a bicarbonate bound. (A) Bicarbonate modulated 
QA- redox shift. The relative redox midpoint potential of the cofactors are shown in a PS II centre with 
or without bicarbonate bound to the non-heme iron. The pathways for decay of the excited states are 
labelled: (1) the radiative decay pathway (black arrow), (2) the indirect non-radiative decay pathway 
(red arrow) and (3) the direct non-radiative decay pathway (blue arrow). The indirect non-radiative 
decay pathway (2) can form toxic singlet oxygen. The thickness of the arrow represents the flux 
through the pathways. (B) The equilibrium of the electron transfer between Pheo, QA and QB in PS II 
centres with and without bicarbonate bound to the non-heme iron. The length and thickness of the 
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The proposed model that the distribution between direct charge recombination and 
indirect charge recombination can be affected by the alteration of the cofactor redox potential 
is supported by mutagenic studies. Site-directed mutagenesis of the protein environment 
surrounding QA (Fufezan et al, 2007) or Pheo (Rappaport et al, 2002; Cser and Vass, 2007) 
affected the redox midpoint potential of QA or Pheo, respectively, and led to altered 
partitioning of the excited state decay pathways. 
Anoxygenic reaction centres have a glutamate present at the analogous site to the 
bicarbonate (Deisenhofer et al., 1985). As ROS production is negligible in anoxygenic 
reaction centres (due to the lack of oxygen), the glutamate residue in place of the bicarbonate 
in anoxygenic photosynthesis supports the hypothesis that the bicarbonate is involved in ROS 
limitation during high light conditions. 
The bicarbonate also appears to play a role in the protonation of reduced QB. During the 
reduction of QB, two electrons and two protons are transferred to QB, although the exact order 
of these events is still unknown. The first protonation is hypothesised to come from the 
D1:His-252 residue (Crofts et al., 1987) while theoretical studies provide evidence that the 
second protonation comes from the D1:His-215 residue, which is subsequently re-protonated 
by the bicarbonate ligand (Saito et al., 2013). A putative hydrogen bonding network 
connecting the iron-quinone acceptor complex to the cytosol, is hypothesised to re-protonate 
the bicarbonate (Berthomieu and Hienerwadel, 2001; Shevela et al., 2012). This allows 
protons to be transferred via the hydrogen bonding network from the cytosol to QB
2-(H)+. The 
reduced rate of QA
- to QB electron transfer after bicarbonate dissociation (due to the shift in 
the QA
- redox midpoint potential), along with inhibited QB protonation in the absence of the 




As X-ray-derived crystal structures are unable to resolve individual hydrogen atoms, they 
are unable to distiguish between a bicarbonate or a carbonate ligand to the NHI. Despite this, 
other experimental methods and computer simulations have identified the ligand to the NHI 
as a bicarbonate (Hienerwadel and Berthomieu, 1995; Saito et al., 2013). However, EPR 
studies on the iron-quinone acceptor complex (Cox et al., 2009), provided evidence that a 
carbonate (CO3
2-) was bound to the NHI. This may suggest that under some conditions a 
carbonate is bound to the NHI. Alternatively, the detection of a carbonate may be due to the 
presumably transient formation of a CO3
2- species following bicarbonate proton donation. 
 
1.6.3 Donor side bicarbonate 
The bicarbonate also has proposed roles on the donor side of PS II (reviewed in Shevela 
2012). However, these roles do not involve the direct binding of bicarbonate as seen with the 
non-heme iron, but rather it appears that bicarbonate is an important component of the bulk 
fluid on the lumenal side of PS II. Tikhonov et al. (2018) determined that each PS II has only 
one bound bicarbonate per monomer, corresponding to the bicarbonate bound to the non-
heme iron. This confirms the observation the there is only one bound bicarbonate seen in the 
X-ray structures of PS II (Suga et al., 2017). However, rigorous depletion of bicarbonate from 
the medium surrounding PS II led to the discovery of further roles for the bicarbonate 
(Ananyev et al., 2018). It was found that bicarbonate was able to reversibly bind to the 
guanidinium groups of arginine residues around the Mn-cluster. Once bound, the bicarbonate 
(HCO3
-) loses a proton forming carbonate (CO3
2-). When the carbonate is released it rapidly 
takes up a proton to reform bicarbonate. It is therefore proposed that bicarbonate is an 
important component of the bulk medium surrounding the Mn-cluster, as the carbonate ions 




the Kok cycle, preventing rapid accumulation of protons in the vicinity of the Mn-cluster. 
Bicarbonate has also been shown to be required for photoactivation of the Mn-cluster 
(Baranov et al., 2004). 
 
1.6 Synechocystis sp. PCC 6803 
The model organism used for this study is Synechocystis sp. PCC 6803 (referred to 
hereafter as Synechocystis). Synechocystis is a cyanobacterium capable of taking up 
extracellular DNA using type IV pili (Eaton-Rye, 2011). This makes Synechocystis an ideal 
model organism as it is easily transformed. This strain of Synechocystis is also glucose 
tolerant allowing heterotrophic growth (Williams, 1988; Morris et al., 2014). This is 
important as PS II mutants grown photoautotrophically will often generate pseudo-reversions 
in order to alleviate the effects of any deleterious mutations. The amino acid sequence of the 
D1 protein of Synechocystis sp. PCC 6803 is shown in Appendix XIII, along with the D1 
sequences of organsims from relevant x-ray crystal structures to show the relevance of the 
PYMOL diagrams generated from x-ray crystallography data to Synechocystis sp. PCC 6803. 
 
1.6.1 Alternate D1 copies 
The D1 protein is coded by the psbA gene; however, most cyanobacteria contain multiple 
versions of the psbA gene. Some versions of the psbA gene family produce proteins that are 
identical, allowing for increased psbA transcription when required, while others produce 
specialized versions of D1 which are only activated under specific conditions (Mulo et al., 
2012). Synechocystis contains three copies of the psbA gene; psbA1, psbA2 and psbA3 




The constitutively expressed copy is the psbA2 gene, while the psbA3 gene has an 
identical amino acid sequence to the psbA2 gene (although different DNA sequence) and is 
activated during periods of high D1 turnover to increase psbA transcription (Mulo et al., 
2009). The psbA1 gene codes for a specialized D1 protein which is only expressed in 
microaerobic conditions (Summerfield et al., 2008; Crawford et al, 2016). 
 
1.7 Aims 
The aim of this study was to investigate the role of the bicarbonate ligand to the NHI in 
PS II. This will be achieved by using targeted mutagenesis to disrupt the bicarbonate 
environment. The mutation of non-hydrogen bonding residues will primarily disrupt the 
bicarbonate ligand, while the mutation of hydrogen bonding residues will also allow for 
investigation into the role of the acceptor side hydrogen bonding network. Finally, mutagenic 
disruption of the interaction between the DE loop of D1 and the PsbT subunit will allow for 
investigation into the importance of this interaction on PS II function, specifically, how the 

































Chapter 2  
Materials and Methods 
2.1 Materials 
2.1.1 Chemicals 
All of the chemicals used in this study were analytical grade reagents. The chemicals 
were supplied by Agilent Technologies, USA; Agrisera, Sweden; AJAX chemicals, Australia; 
BioRaD, USA; Chemservice, USA; DHB chemicals Ltd., England; Scientific supplies Ltd., 
New Zealand; Sigma-Aldrich Inc., USA; Thermo Fisher Scientific Inc., USA. 
2.1.2 Primers 
 The primers used for mutagenesis through Quikchange II PCR in this study are 
















2.1.3 Cloning vectors 




Table 2.1. List of primers used for mutagenesis of psbA2 in Synechocystis sp. PCC 6803 
















2.1.4 Microbial strains 
Escherichia coli (E. coli) – DH5α strains of E. coli (Invitrogen, Netherlands) were used 
to amplify plasmid DNA. 
Synechocystis sp. PCC 6803 (GT-O1) – Synechocystis sp. PCC 6803 was the 
cyanobacterium used in this study as a model photosynthetic organism. The GT-O1 sub-strain 
is a glucose tolerant variant of Synechocystis sp. PCC 6803, genetically similar to the glucose 
tolerant stain isolated by Williams (Williams, 1988). All of the mutants discussed in this study 
were generated in the GT-O1 sub-strain background. Hereafter, the Synechocystis sp. PCC 
6803 (GT-O1) strain will be referred to as ‘wild type’. 
Synechocystis sp. PCC 6803 (GT-O2) – The GT-O2 sub-strain of Synechocystis sp. 
PCC 6803 is genetically similar to the GT-O1 sub-strain (Morris et al., 2014). This variant 
arose spontaneously in the Eaton-Rye lab. The results shown in Appendix I involve the 
Synechocystis sp. PCC 6803 (GT-O2) wild type, and a mutant lacking the PsbT subunit in the 
Synechocystis sp. PCC 6803 (GT- 2) background (ΔPsbT). 
Synechocystis sp. PCC 6803 (GT-O1) psbA triple deletion – The psbA triple deletion 
strain is a mutant generated in the Synechocystis 6803 (GT-O1) wild-type background. The 
psbA triple deletion mutant (hereafter referred to as the ΔpsbA strain), has markerless gene 
knockout mutations disrupting the psbA1 and psbA3 genes of Synechocystis 6803 (GT-O1), 
while the psbA2 gene is interrupted by a chloramphenicol resistance cassette (Forsman et al., 
2019). 
Synechocystis sp. PCC 6803 (GT-O1) ΔPsbT knockout– A substrain of Synechocystis 
sp. PCC 6803 lacking the PsbT subunit. This strain was created in the Eaton-Rye lab prior to 




2.2. General techniques 
 The experiments in this study were performed using standard sterile techniques. A 
laminar flow hood was used when possible to maintain sterile conditions. When used, sterile 
water was obtained using a Millipore Milli-Q Plus® water system (Millipore, USA). This 
provided sterile water with a resistivity of 18.2  Ω at 25 oC. To sterilise equipment, 
autoclaving was performed at 15 psi for 20 min. 
 
2.3 Mutant generation 
 To generate the mutant strains, mutations were made in a wild-type psbA2 gene 
contained within a cloning vector. This cloning vector was then transformed into E.coli where 
it was amplified. The amplified plasmid DNA was extracted from E.coli and transformed into 
the ΔpsbA strain of Synechocystis sp. PCC 6803 (GT-O1). Successful transformants 
incorporated the mutated psbA2 gene along with a neighbouring kanamycin resistance cassette. 
The transformed mutants were segregated on kanamycin-supplemented agar plates to ensure 
full incorporation of the mutated psbA2 gene and kanamycin resistance cassette into all copies 
of the cyanobacterial genome. A summary of the mutants is shown in Appendix II. 
 
2.3.1 psbA2 cloning vector 
Mutations were made in a 6.3 kilobase pGEM-T Easy plasmid (Promega Corporation, 
USA). This plasmid contained an ampicillin-resistance cassette, a kanamycin resistance 



















2.3.2 Mutagenic (Quikchange II) polymerase chain reaction 
Mutagenic polymerase chain reaction (PCR) was performed according to the 
 uikchange II manufacturer’s instructions. P   reactions were performed in 50 µL volumes. 
The reaction contained 38.2 µL of ddH2O, 5 µL of 10 X Pfu Ultra Buffer,  1.25 µL of dNTP 
mix (10 mM), 1 µL of each of the forward and reverse mutagenic primers (10 µM) (Table 2.1), 
1 µL template DNA (psbA2 cloning vector, section 2.3.1) (100 ng.µL-1), 1 µL PfuUltra High 
Fidelity DNA Polymerase (100 ng.µL-1). PCR reactions were performed in a thermocycler 













Figure 2.1. Plasmid map of the psbA2 cloning vector. Total size 6353 bp. Multiple cloning sites 
(MCS) (10-57 bp; 3402-3466 bp) are shown in light blue. The psbA2 gene (62-1144 bp) is shown in 
green. The kanamycin-resistance cassette (1253-2488 bp) is shown in red. The ampicillin-resistance 
cassette (4675-5535 bp) is shown in blue. Origin of replication (3916-4504 bp) is shown in yellow. 















The restriction enzyme Dpn I preferentially digests methylated DNA. The template 
DNA used in the Quikchange II mutagenesis PCR is methylated as it has been isolated from E. 
coli which performs post-translational modifications. The mutated plasmids are not methylated 
as they have been generated by PCR which does not have the capacity for post translation 
modifications. Therefore to digest the template DNA, leaving only mutated copies of psbA2, 
DpnI digestions were performed on the Quikchange II PCR mixture. One microliter of Dpn I 
restriction enzyme (New England Biolabs, USA) was added directly to the PCR reaction 
mixture (50 µL) after Quikchange II PCR. The PCR mixture with DpnI was mixed with a 
pipette and centrifuged at 16,000 x g for 30 s, the PCR reaction tube was then incubated in a 
37 oC water bath for 2 h.  
 
Table 2.2. PCR parameters for Quikchange II mutagenesis 
Stage Cycles Temperature (oC) Time 
1 1 95 30 s 










2.3.3 Gel electrophoresis 
 Gel electrophoresis was performed on the DpnI digested PCR product to confirm 
amplification of the plasmid by PCR. Gel electrophoresis was performed with a gel comprising 
0.8% agarose in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0). Ten 
mircolitres of PCR product were mixed with 2 µL of 6X DNA loading dye (New England 
Biolabs, USA) and loaded onto the gel. One microlitre of 1 kb Plus DNA ladder (Invitrogen, 
USA) was also run (with appropriate PCR buffers, DNA loading dye and H2O for size 
comparison. The DNA was separated at 100 V for 50 min. Following separation, DNA bands 
were stained with 0.25 µg.mL-1 ethidium bromide dissolved in H2O and imaged using a UV 
transilluminator and Molecular Imaging software (Kodak, USA). 
 
2.3.4 Sequencing 
The Quikchange II PCR products were sequenced by Sanger sequencing to confirm the 
mutations in the psbA2 gene. DNA sequencing was performed by the Genetic Analysis Service 
(Department of Anatomy, University of Otago, New Zealand) using a 3730xl DNA Analyser 
(Applied Biosystems, USA). DNA for sequencing was purified using a GenepHlowTM 
Gel/P   Kit (Geneaid  iotech  td, Taiwan) using the manufacturer’s instructions with no 
modification. DNA concentration was determined using Nanodrop ND-2000 UV-Vis 
spectrophotometer (Biolab Ltd, USA) using a 1 µL sample. Samples were submitted in 5 µL 
volumes. The sample concentration was 63 ng/5 µL (1 ng/100 base pairs/ 5 µL). The D1seqF 
primer (ACCCCATTGGTCAAGGCTCC) was used as the sequencing primer at a 





2.3.5 E. coli growing condition 
 E. coli cultures were grown in liquid lysogeny broth (LB) (1% w/v bactotyptone, 0.5% 
w/v yeast extract, 1% w/v NaCl). Alternatively, E. coli was grown on LB agar plates (LB + 
1.5% w/v agar bacteriological agar). Transformed E. coli were selected by supplementing LB 
with kanamycin (50 µg.mL-1) and ampicillin (50 µg.mL-1). 
 
2.3.6 Preparation and transformation of E.coli competent cells 
Inoue preparation of competent cells: Ten mL of LB media were inoculated with a 
DH5α E. coli colony in a 50 mL Falcon tube. The Falcon tube was incubated overnight at 37 
oC with vigorous shaking. 3 x 1 L bevelled conical flasks containing 400 mL of SOB media 
(20 g.L-1 bactotryptone, 5 g.L-1 yeast extract, 0.584 g.L-1 NaCl, 0.186 g.L-1 KCl, 10 mM MgCl2, 
10 mM MgSO4) were inoculated with 1 m , 2 m  and 10 m  of the DH5α E. coli starter 
culture. The 1 L flasks were incubated overnight at 18oC with moderate shaking, until one of 
the flasks reached an optical density of 0.55 O.D.660 nm, at which point the culture was 
transferred to ice for 10 min. The cells of the relevant culture were then harvested by 
centrifugation at 2500 x g for 10 min at 4 oC. The supernatant was thoroughly removed and the 
pellet was resuspended in 80 mL of ice-cold Inoue transformation buffer (55 mM MnCl2.4H2O, 
15 mM CaCl2.2H2O, 250 mM KCl, 10 mM piperazine-1,2-bis[2-ethanesulfonic acid] pH 6.7). 
The re-suspended cells were harvested by centrifugation at 2500 x g for 5 min at 4 oC. The 
supernatant was thoroughly removed and the pellet was resuspended in 20 mL of ice-cold Inoue 
transformation buffer. One and a half millilitres of dimethylsulfoxide (DMSO) was then added 
dropwise to the E. coli suspension with swirling, followed by incubation on ice for 10 min. 
Five hundred microlitre aliquots of the E. coli suspension were then snap-frozen with liquid 




Transformation of Inoue cells: Competent cells were thawed on ice for 10 min. Eight 
µL of the transformation plasmid was added to 100 µL aliquots of the competent cells and 
incubated on ice for 30 min. The cells were then heat shocked at 42 oC for 1 min and rapidly 
returned to ice for 2 min. After the heat shock, 800 µL of SOC media (20 g.L-1 bactotryptone, 
5 g.L-1 yeast extract, 0.584 g.L-1 NaCl, 0.186 g.L-1 KCl, 10 mM MgCl2, 10 mM MgSO4, 20 
mM glucose) was added to the cells and incubated at 37 oC for 45 min. After incubation, 50 
µL of cells were plated onto LB plates containing ampicillin and kanamycin. The remaining 
cells were then centrifuged for 30 s at 16,000 x g and the pellet was resuspended in 50 µL of 
SOC media. This concentrated cell suspension was also plated onto LB plates containing 
ampicillin and kanamycin. This created transformation plates with high and low concentrations 
of transformed cells. Plates were incubated at 37oC overnight. 
 
2.3.7 E. coli plasmid DNA extraction 
Following transformation, a colony from the overnight transformed cultures was picked 
and used to inoculate 5 mL of sterile LB with kanamycin (50 µg.mL-1) and ampicillin (50 
µg.mL-1). The transformed E. coli cells were then incubated overnight at 37 oC with moderate 
shaking. The plasmid DNA was then extracted from the E. coli cells using a Geneaid PrestoTM 
Mini Plasmid Kit (Geneaid Biotech Ltd, Taiwan) following the manufacturer’s instructions. 
The concentration of the extracted plasmid DNA was determined with a Nanodrop ND-2000 
UV-Vis spectrophotometer (Biolab Ltd, USA) using a 1 µL sample. The plasmid DNA was 





2.3.8 Synechocystis 6803 growing conditions 
Cyanobacterial strains were maintained on BlueGreen Medium (BG-11) agar plates. 
The plates contained 5 mM glucose, 20 µM atrazine and the appropriate antibiotics. The 
cyanobacterial cells were re-streaked on new plates every 3 weeks. Liquid cyanobacterial 
cultures were grown in BG-11 media in adapted 300 mL or 500 mL conical flasks along with 
5 mM glucose and appropriate antibiotics. Four to six hours after the inoculation of the flasks 
with cyanobacterial cells the flasks were connected to an aquarium pump which bubbled 
filtered air through the liquid culture. Both the agar plates and the liquid cultures were subjected 
to a constant illumination of 30 µE.m-2.s-1 at 30 oC. Freezer stocks of cyanobacterial strains 
were prepared by harvesting liquid cyanobacterial cell cultures at 5000 x g for 10 min and re-
suspending the pellet in BG-11 +15% glycerol. 
 













kanamycin 50 25 1 in 2000 H2O 4 
spectinomycin 50 25 1 in 2000 H2O 4 
chloramphenicol 30 15 1 in 2000 100% EtOH -20 
atrazine 4.31 4.31 1 in 1000 100% MeOH -20 
 
BG-11 media (100x) without Fe, Pi, CO2 - 149.6 g.L
-1 NaNO3; 7.49 g.L
-1  MgSO4.7H2O; 3.6 
g.L-1  CaCl2.2H2O; 0.6 g.L





BG-11 trace minerals - 2.86 g.L-1 H3BO3; 1.81 g.L
-1 MnCl2.4H2O; 0.222 g.L
-1 ZnSO4.7H2O; 
0.39 g.L-1 Na2MoO4.2H2O; 0.079 g.L
-1 CuSO4.5H2O; 0.0494 g.L
-1 Co(NO3)2.6H2O. 
BG-11 liquid media – 1% v/v BG-11 media (100x) without Fe, Pi, CO2; 6 µg.mL
-1 C6H8FeNO7; 
20 µg.mL-1 Na2CO2; 30.5 µg.mL
-1 K2HPO4. 
BG-11 agar plates – BG-11 liquid media; 1.5% bacteriological agar (w/v); 0.3% sodium 
thiosulfate (w/v). 
 
2.3.9 Synechocystis 6803 transformation 
Liquid cultures of the ΔpsbA strain were grown up to an optical density of 0.8-1.0 
O.D.730 nm. Cells were then harvested by centrifugation for 10 min at 4000 x g in a sterile 50 
mL Falcon tube at room temperature. The supernatant was thoroughly removed and the pellet 
resuspended in a small volume (3-5 mL) of BG-11 and diluted to make up 0.25 mL of liquid 
culture at an optical density (O.D.730 nm) of 5.0. Eight µL of the extracted transformed plasmid 
DNA (section 2.3.8) were added to the cyanobacterial suspension and incubated at 30 oC for 6 
h at 30 µE.m-2.s-1 illumination. Following incubation, 25 µL of the cyanobacterial suspension 
were spread onto one half of a sterile filter on an BG-11 agar plate containing 5 mM glucose. 
The remaining cyanobacteria were centrifuged at 4000 x g for 1 min. The pellet was then 
resuspended in 25 µL of BG-11 and spread onto the other half of the filter. This separated the 
filter into a low concentration half and a high concentration half. After 12-16 h the filters were 
transferred to BG-11 plates containing atrazine and the appropriate antibiotics. After 10-14 
days colonies were picked off the filters and streaked directly onto BG-11 plates containing 





2.3.10 Segregation and colony PCR 
Transformed cyanobacterial colonies were re-streaked onto new plates weekly, for 3-5 
weeks. This ensured incorporation of the mutated psbA2 gene and kanamycin resistance 
cassette into every copy of the Synechocystis 6803 genome. Segregation was confirmed 
through colony PCR.  
Colony PCR used whole cells as the template. Twenty microlitres of H2O was 
inoculated with cyanobacterial cells to be used as a template. Colony PCR reactions were 
performed in 25 µL volumes. The reaction mixture contained 11.3 µL of ddH2O, 5 µL of 5 X 
KAPA 2G buffer B, 0.5 µL of dNTP mix (10 mM), 1 µL of each of the forward and reverse 
mutagenic primers (10 µM) (Table 2.4), 1 µL template DNA (cyanobacterial cells in H2O 
suspension), 5 µL of KAPA 2G Enhancer, 0.2 µL KAPA 2G polymerase (100 ng.µL-1).  
PCR reaction was performed in a thermocycler (Eppendorf, Germany). Primers used 










(on wild type genome) 
Primer sequence 5’-3’ 
PsbA2F2 




172 bp downstream of psbA2 















  Following colony PCR, the amplified DNA was run on an agarose gel (section 2.3.4) 
to determine the size of the PCR fragment. Cyanobacterial genomes which have incorporated 
the mutant psbA2 gene and the kanamycin-resistance cassette will have a larger PCR fragment 
than the wild type due to the inclusion of the approximately 1 kb kanamycin-resistance cassette. 
Consequently, if gel electrophoresis of the PCR product leads to a single band approximately 
1 kb larger than the wild type, then it can be deduced that segregation is complete. Multiple 
bands at both the wild-type size and mutant size (1 kb larger) indicate incomplete segregation. 
 Point mutations in the cyanobacterial genomes were confirmed by sequencing the 
colony PCR product. The procedure for sequencing is described in section (2.3.5). 
 
Table 2.5. Thermocycling conditions for colony PCR with KAPA 2G 
Stage Cycles Temperature (oC) Time 
1 1 x 95 10 min 





20  s 
3 min 





20  s 
3 min 





20  s 
3 min 




2.4 Physiological measurements 
 The generated mutants were characterized using the following physiological 
measurements. 
 
2.4.1 Growth curves 
Liquid cultures were grown up in BG-11 containing glucose and appropriate antibiotics 
to an O.D.730 nm of 0.8-1.0. The cells were then harvested by centrifuge at 5000 x g for 10 min 
at room temperature in 50 mL sterile Falcon tubes. The pellet was then resuspended in 50 mL 
of BG-11 and re-centrifuged at 4000 x g for 10 min. This wash step was repeated, before finally 
resuspending the pellet in 5 mL of BG-11. The cell suspension was then diluted with BG-11 
and appropriate antibiotics to give a 150 mL cell culture with an optical density of 0.05 at 
O.D.730 nm in an adapted 300 mL conical flask. The flasks were attached to an aquarium pump 
to bubble air through the culture and grown at 30 oC with constant illumination of either 30 
µE.m-2.s-1 or 200 µE.m-2.s-1. Aliquots of the culture were removed and the optical density at 
730 nm determined either every 12 h (30 µE.m-2.s-1) or 24 h (200 µE.m-2.s-1) for 120 h. Water 
was used to top up the cultures back to 150 mL to correct for evaporative losses over the course 
of the growth curve. 
 
2.4.2 Chlorophyll determination in whole cells 
 The following physiological measurements on whole cells were undertaken on a 
chlorophyll a basis. This requires chlorophyll a determination of cell suspensions. 
Chlorophyll a content (µg.mL-1) of cyanobacterial suspensions was measured by 
adding 50 µL of the cell suspension to 950 µL of 100% methanol. This solution was then mixed 




at 663 nm. The absorbance of the supernatant can be converted to chlorophyll a concentration 
using equation 2.1. 
(Equation 2.1) 
Concentration (chlorophyll a) (µg.mL-1) = (A663/0.082) x (dilution factor) 
 
2.4.3 Oxygen evolution 
Liquid cultures were grown up in BG-11 containing glucose and appropriate antibiotics 
to an O.D.730 nm of 0.8-1.0. The cells were then harvested at 5000 x g for 10 min at room 
temperature in 250 mL Nalgene flasks. The pellet was resuspended in 5 mL of BG-11 pH 7.5 
(BG-11 liquid media buffered with HEPES/NaOH to pH 7.5). The chlorophyll a content of the 
cell suspension was determined (section 2.4.2) and the suspension diluted with BG-11 pH 7.5 
to give 40 mL of cell suspension at a chlorophyll a concentration of 5 µg.mL-1 in a 100 mL 
conical flask. Cells were acclimatised to the new concentration and the absence of glucose by 
incubating the cells for 45 min at constant illumination (30 µE.m-2.s-1) at 30oC with moderate 
stirring. Calibration measurements were performed by determining the voltage generated by 
the oxygen electrode with air-saturated water, and the voltage generated by the oxygen 
electrode with sodium dithionite treated water.  
Following acclimatisation, 1 mL aliquots of the cell suspension were transferred to the 
reaction chamber of the oxygen electrode (Clark-type electrode, Hansatech, UK) along with 
200 µM DMBQ and 1 mM K3Fe(CN)6. When bicarbonate and/or formate treatments were 
performed, 15 µL of 1 M bicarbonate (dissolved in H2O) and/or 25 µL of 1 M formate 
(dissolved in H2O) were also added to the reaction chamber. Where stated, some oxygen 





- in some acceptor side mutants (Fu et al., 2017).  When DCMU treatments were performed 
2 µL of 20 mM DCMU (dissolved in 100% ethanol) was added to the reaction chamber 
The reaction chamber of the oxygen electrode was held at 30 oC in a water bath. The 
cells were illuminated with 580 nm light at 8000 µE.m-2s-1 by a FLS1 light source (Hansatech, 
UK) which passed through a sharp cut-off glass filter (OG 580, Melles Griot, Netherlands). 
The oxygen concentration was measured by an oxygen electrode control box (Hansatech, U.K.) 
as a change in voltage. After data collection, the change in voltage was converted to µmol 
O2.(mg
 of Chl a)-1.h-1 using equation 2.2. 
(Equation 2.2)  
 
 
2.4.4 Low temperature fluorescence spectroscopy 
Forty mL of cells were prepared to a chlorophyll a concentration of 5 µg.mL-1 and left 
to acclimatise as described for the oxygen evolution assay (section 2.4.3). Immediately before 
measurement 0.5 mL of cells were diluted with 0.5 mL BG-11 pH 7.5 to a concentration of 2.5 
µg.mL-1. Five-hundred µL of diluted cells were then snap frozen in a glass tube (6 mm outer 
diameter, 4mm inner diameter) with liquid nitrogen. The tube was inserted into a custom glass 
nitrogen Dewar. The cells were then excited at either 440 nm (2nm emission slit width, 12 nm 
excitation slit width) or 580 nm (2nm emission slit width, 8 nm excitation slit width) by a xenon 
lamp (Perkin Elmer, U.S.A). Fluorescence emission was measured between 600-780 nm by a 
MPF-3L fluorescence spectrophotometer (Perkin Elmer, U.S.A). The scan rate was set to 100 
nm.min-1. After data collection the baseline fluorescence was subtracted and the spectra were 
normalised to either the PS I peak or to the total fluorescence by dividing the fluorescence 
µmolO2
mg Chl 𝑎 . h
=
  0.235 µmolO2/mL  x  sample volume  x (60 min/h) x (slope mV/min) 
 mV  air saturated − mV [dithionite treated]  x (Chl a mg/mL)




value at each wavelength by the fluorescence value at 725 nm, or by the sum of the fluorescence 
between 600-780 nm, respectively. 
 
2.4.5 Chlorophyll a fluorescence assays 
Forty mL of cells were prepared to a chlorophyll a concentration of 5 µg.mL-1 and left 
to acclimatise as described for the oxygen evolution assay (section 2.4.3). Cells were then dark 
adapted for 2 min, before being diluted with BG-11 pH 7.5 to 2 mL at a chlorophyll a 
concentration of 2 µg.mL-1 in a 4 mL cuvette. When bicarbonate and/or formate treatments 
were performed, 30 µL of 1 M sodium bicarbonate (dissolved in H2O) and/or 50 µL of 1 M 
sodium formate (dissolved in H2O) were also added to the cuvette. When DCMU treatments 
were performed, 4 µL of 20 mM DCMU (dissolved in 100% ethanol) were added to the cuvette. 
The cells were left for a further 3 min in the dark, before being inserted into an FL-3300 
fluorometer (PSI instruments, Czech Republic).  
Fluorescence Induction - For the fluorescence induction measurements, a blue actinic light 
(455 nm) at 1250 µE.m-2.s-1 (50% intensity) was used to continuously excite the PS II centres 
over the 10 s assay, while blue measuring flashes at 455 nm (with a duration of 3 µs) were used 
to probe the QA
- concentration over a 68 µs -10 s duration. Initially the FO level was determined 
by 3 blue measuring flashes at 200 µs intervals prior to the commencement of the actinic light.  
Fluorescence Decay – Fluorescence decay assays followed the same procedure as the 
fluorescence induction assays, except that instead of continuous actinic light, the cells were 
excited by 1 or more short duration, saturating actinic flashes. In the fluorescence decay assay 
blue actinic flash(s) (455 nm) at 2500 µE.m-2.s-1 (100% intensity) with 30 µs duration excite 





2.4.6 Chlorophyll a fluorescence decay kinetics determination 
The total fluorescence was split into 3 components by modelling the total fluorescence 
as the sum of 2 exponential components and 1 hyperbolic component. Fluorescence data were 
simulated using the equation 2.3 (Vass et al., 1999) 
(Equation 2.3) 
F(t) – Fo =A1exp(-t/T1) + A2exp(-t/T2) +A3/(-t/T3)  
The simulated fluorescence data were subtracted from the real fluorescence data, while the A1, 
A2, A3 and T1, T2, T3 variables were adjusted to minimise the residual using the R-script shown 
in Appendix III. When the residual is minimised the A1, A2, A3 and T1, T2, T3 variables 
represent the proportions and rates of the different fluorescence processes where: 
A1 = fast phase amplitude 
T1 x (ln(2)) = fast phase half-time 
A1 = intermediate phase amplitude 
T2 x (ln(2)) = intermediate phase half-time 
A3 = slow phase amplitude 
T3 = slow phase half-time 
 
2.4.7 High/low light timecourses 
General high/low light timecourse – Forty mL of cells were prepared to a chlorophyll 
a concentration of 5 µg.mL-1 and left to acclimatise as described for the oxygen evolution assay 
(section 2.4.3). The cell suspension was transferred to a 100 mL beaker at 30 oC which was 




light intensity was increased to 1500 µE.m-2.s-1 using a Ektalite slide projector (Kodak, USA) 
for 60 min. After 60 min (T=60), the projector was turned off, returning the cells to the 30 
µE.m-2.s-1 conditions. The cell suspension remained in these conditions for a further 80 min. 
One mL aliquots of the cell suspension were taken every 20 min: T=0, T=20, T=40, T=60, 
T=80, T=100, T=120, T=140. The oxygen evolution rates of the aliquots were determined 
using oxygen evolution assays with 200 µM DMBQ and 1 mM K3Fe(CN)6, as described in 
section 2.4.3. 
High/low light timecourse with lincomycin – For high/low light timecourses in the presence of 
lincomycin, cell suspensions were prepared as described for a general high/low light 
timecourse. One mL of lincomycin (20 mg.mL-1) was added to the cell suspension either 
directly before the high light treatment (T=0) or directly after the high light treatment (T=60), 
giving a final lincomycin concentration of 500 µg.mL-1. 
Radioactive high/low light time course – For radioactive high/low light time courses, cell 
suspensions were prepared as described for a general high/low light time course, except the 
chlorophyll a concentration of the cell suspension was 10 µg.mL-1 and the high light condition 
was 2000 µE.m-2.s-1. The projector was turned on at time T=-45 and turned off 45 min later at 
time T=0. Radioactive 35S labelled methionine was added to the cell suspension at time T=0 to 
give a final concentration of 10 µCi/mL (the volume added varied depending on the activity of 
the radiolabel). One and a half mL cell aliquots were taken at times: T=-45, T=0, T=10, T=30, 
T=120. The aliquots were centrifuged at 16,000 x g for 1 min. The supernatant was then 





2.4.8 Thylakoid extraction 
Thylakoids were extracted from the wild type and mutant cells for protein analysis. As 
thylakoid membranes are affected by light and protein degradation, all of the procedures 
dealing with thylakoids were carried out in the dark at 4 oC. Large scale thylakoid extraction 
was performed on non-radiolabelled cells for western blotting and 2 dimensional gel analysis. 
Small scale thylakoid extraction was performed on radiolabelled cells for pulse-chase 
autoradiography analysis. 
Large scale thylakoid extraction – Three litres of liquid culture were grown up in BG-
11 containing glucose and appropriate antibiotics to an O.D.730 nm of 0.8-1.0. The cells were 
then harvested at 5000 x g for 10 min and re-suspended in 40 mL of cell wash buffer (50 mM 
HEPES–NaOH (pH 7.5), 10 mM MgCl2, 20 mM CaCl2, 1 mM 6-amino-caproic acid, 1 mM 
phenylmethylsulfonyl fluoride, and 2 mM benzamidine). The cells were then harvested again 
at 8000 x g for 10 min and resuspended in 5 mL of disruption buffer (50 mM HEPES–NaOH 
(pH 7.5), 10 mM MgCl2, 20 mM CaCl2, 800 mM sorbitol, 1 M betaine monohydrate, 1 mM 6-
amino-caproic acid, 1 mM phenylmethylsulfonyl fluoride, and 2 mM benzamidine). The cells 
were then incubated on ice for 30 min in the dark before disruption using a Mini-Beadbeater 
(BioSpec Products, USA). Five cycles of bead beating at 4800 rpm (20 s each with 5 min rests 
on ice) were applied using a half volume of 0.1 mm diameter zirconia beads (BioSpec Products, 
USA). Beads and unbroken cells were removed by centrifugation twice at 2000 x g for 2 min 
and once at 8000 x g for 5 min. Thylakoids were then pelleted by centrifugation at 60000 x g 
for 1 h at 4 oC using an ultracentrifuge (Beckman-Coulter, USA), and re-suspended in 
disruption buffer, pelleted again at 60,000 x g for 25 min and finally re-suspended in 
solubilization buffer (25 mM BisTris-HCl (pH 7.0), 20% w/v glycerol and 0.25 mg.mL-1 
Pefabloc SC). Isolated thylakoids were frozen in liquid nitrogen and stored at -80 oC. 




light time course (section 2.4.7) were thawed on ice and re-suspended in 250 µL resuspension 
buffer (25 mM MES-NaOH, pH 6.5, 10 mM CaCl2, 10 mM MgCl2, 25% (w/v) glycerol, 
protease inhibitor cocktail (Roche, Switzerland)) and stored on ice. The cells were added to an 
equal volume of pre-chilled glass beads (0.1 mm, BioSpec Products, USA) and broken using 3 
x 20 s bursts with a bead beater (BioSpec Products, USA). The suspension was then centrifuged 
at 900 × g for 1 min: supernatants were transferred and centrifuged again at 3000 × g for 1 min, 
then transferred again and finally centrifuged at 16000 × g for 15 min pelleting the thylakoid 
membranes. Finally, the thylakoid pellets were re-suspended in 100 μ  of the resuspension 
buffer. 
 
2.4.9 Chlorophyll determination in thylakoid membranes 
In order to load equal amounts of chlorophyll onto gels the chlorophyll concentration 
of the thylakoids was determined.  
Chlorophyll a content (µg.mL-1) of thylakoid membranes was measured by adding 5 
µL of the thylakoid membrane suspension to 995 µL of 80% acetone. This solution was then 
mixed and centrifuged for 5 min at 16000 x g. The absorbance of the supernatant was then 
measured at 663 nm. The absorbance of the supernatant was converted to chlorophyll 
concentration using equation 2.1. 
 
2.4.10 Thylakoid solubilisation 
Protein complexes were solubilised with detergent to extract them from the thylakoid 
membranes, enabling intact complex separation by blue-native PAGE. The solubilisation 
protocols were slightly different for the thylakoids extracted via large scale thylakoid extraction 




Large scale thylakoid solubilisation – Samples obtained from the large scale thylakoid 
extraction were thawed on ice for 30 min, before the chlorophyll a concentration was 
determined as described in section 2.4.9. The samples were diluted with solubilisation buffer 
(see section 2.4.8) to give 100 µL of thylakoids at a chlorophyll a concentration of 0.5 mg.mL-
1. 20 µL x 3 of 3% DDM buffer (solubilisation buffer + 3% (v/v) β-D-dodecylmaltoside buffer 
(Affymetrix, USA)) was added to the samples with 2 min between additions. The samples were 
then gently mixed and incubated on ice for 15 min. The samples were then centrifuged at 
16,000 x g for 15 min at 4 oC to pellet the insoluble thylakoid membranes. The supernatant 
containing the solubilised protein complexes was then transferred to a new chilled microfuge 
tube and the chlorophyll a concentration determined as described in section 2.4.9. The 
chlorophyll a concentration was then adjusted to 0.2 mg.mL-1 by diluting with 1.125% DDM 
buffer (solubilisation buffer + 1.125% (v/v) DDM). 
Small scale thylakoid solubilisation – The chlorophyll a concentration was determined 
for the samples obtained from the small scale thylakoid extraction. The samples were 
centrifuged at 16,000 x g to pellet the thylakoid membranes. The supernatant was carefully 
removed and the pellet resuspended in resuspension buffer (see section 2.4.8) to give a final 
chlorophyll a concentration of 0.5 mg.mL-1. An equal volume of 2% DDM buffer 
(resuspension buffer + 2% (v/v) DDM) was added to solubilise the protein complexes in the 
membranes. The samples were then incubated on ice for 1 min, before being centrifuged at 
16000 x g for 15 min. The supernatant containing the solubilised protein complexes was then 
transferred to a new chilled microfuge tube and the chlorophyll a concentration determined as 
described in section 2.4.9. The chlorophyll a concentration was then adjusted to 0.2 mg.mL-1 





2.4.11 Blue-native PAGE 
The procedure for the preparation of the solubilised protein complexes for separation 
by blue-native (BN) PAGE was slightly different for thylakoids extracted by large scale 
thylakoid extraction compared to small scale thylakoid extraction. 
Large scale thylakoid BN-PAGE – Twenty-eight µL of the solubilised protein 
suspension from section 2.4.10 was added to 10 µL of 4 x sample buffer (50 mM Bis-Tris, 6 
M HCl, 10% glycerol, 50 mM NaCl, 0.001% Ponceau S) and gently mixed. Three microlitres 
of 5% (w/v) Serva G-250 (Serva, Germany) was also added to the sample. The sample was 
then ready to load. 
Small scale thylakoid BN-PAGE – 5% (w/v) Serva G-250 (Serva, Germany) was added 
to the sample to give a final concentration of 0.025% (w/v) Serva G-250. This normally 
required the dilution of the 5% (w/v)  Serva G-250 with 1% DDM buffer (resuspension buffer 
+ 1% (v/v) DDM) to 0.5% (w/v) Serva G-250. The sample was then ready to load. 
The wells of a 15-well 3-12% or 4-12% BisTris 1 mm NativePAGE precast gel (Life 
technologies, USA) were washed first with cold anode buffer (5 mM BisTris, 5 mM Tricine, 
pH 6.8), then with dark blue cathode buffer (0.2% (w/v) Coomassie G-250, 5 mM BisTris, 5 
mM Tricine, pH 6.8), before leaving the wells full of dark blue cathode buffer. Eight microlitres 
of sample (1 mg of chlorophyll a) was added to each well. The gel was then run at 80 V for 1 
h with dark blue cathode buffer. The cathode buffer was then changed to light blue cathode 
buffer (0.02% w/v Coomassie G-250, 5 mM BisTris, 5 mM Tricine, pH 6.8) and run at 100 V 
for 30 min, followed by 150 V for a further 2.5 h. 
Following gel electrophoresis, the gels were removed from their protective plastic cases 
and destained overnight in H2O. Digital imaging of blue-native gels was performed using an 




2.4.12 Western blotting 
Blue-native gels were soaked in cold (4 oC) electroblot buffer (25 mM Tris, 192 mM 
glycine, 20% (v/v) methanol) for 10 min. A polyvinylidene fluoride (PVDF) membrane 
(BioRad, USA) was soaked in 100% methanol for 1 min before it was laid on top of the gel 
while ensuring that no bubbles enter the set-up. The gel and membrane were then 
‘sandwiched’ between 3 mm Whatman filter paper with a scotch pad on each side, as shown 












The transfer ‘stack’ was held in a plastic cassette and submerged in electroblot buffer 
in a Mini Trans-Blot cell (BioRad, USA), with gentle stirring using a magnetic stirrer bar. 
V 
Scotch pads 
BN-PAGE PVDF membrane 
Filter paper 
Figure 2.2. Diagram of the setup for protein transfer from the blue-native gel to the PVDF membrane. 
Scotch pads are shown in dark grey, filter paper is shown in white, the blue native gel is shown in 




Protein transfer was performed by applying 35 V across the cassette for 18 h. Following 
transfer, the ‘stack’ was disassembled and the membrane was destained in 100% methanol. 
The membrane was blocked by incubation in Blot-O (4% (w/v) bovine serum albumin, 
0.02% sodium azide, 0.137 M NaCl, 2.7 mM KCl, 25 mM Tris (pH 7.4)) for 1 h. The 
membrane was then incubated in the primary antibody (α-D1 global, raised in rabbit against 
D1 peptide (Agisera, Sweden), diluted to 1:3000 with TBS (0.137 M NaCl, 2.7 mM KCl, 25 
mM Tris/HCl (pH 7.4)) for 16 h at 4 oC. The membrane was then removed from the primary 
antibody and washed with TBST (TBS + 0.1% (w/v) Tween-20) for 3 x 10 min with gentle 
shaking. Following the wash steps, the membrane was incubated in secondary antibody 
(Anti-rabbit IgG peroxidase antibody produced by Goat (Sigma-Aldrich, USA), diluted to 
1:20,000 in 50 mM Tris/HCl (pH 7.5), 150 mM KCl, 3% (w/v) bovine serum albumin) for 2 
h with gentle shaking. Following incubation with the secondary antibody, the membrane was 
removed from the antibody and washed with TBST for 3 x 10 min with gentle shaking. After 
the wash steps, the membrane was incubated in enhanced chemiluminescence reagents (1:1 
ratio of Reagent A and Reagent B, (Abcam, USA)) for 1 min before the membrane was 
imaged with an Odyssey® Fc imaging system (LI-COR Biotechnology, USA). 
 
2.4.13 Two dimensional PAGE 
 Lanes from a blue-native gel were excised using a razor blade and incubated at 30 oC 
for 30 min in LDS buffer (62.5 mM Tris/HCl (pH 8.5), 2% (w/v) lithium dodecylsulfate, 
0.125 mM EDTA, 8% (v/v) glycerol, 3.125 mM Serva Blue G-250, 0.1 mM bromophenol 
blue) and 50 mM dithiothreitol. After the 30 min incubation at 30 oC, the temperature was 
increased to 45 oC and the lane was incubated for a further 15 min. Following incubation, the 
lane was loaded into the well of a pre-cast 2D NuPAGE Novex 12% Bis-Tris gel (Life 




lane in place. SeeBlue® Plus2 pre-stained Protein Standard ladder (Life technologies, USA) 
was added into the ladder lane for size comparison analysis.  
 The gel was run at 100 V for 70 min followed by a subsequent 60 min at 150 V in 
MES buffer (50 mM MES, 50 mM Tris/HCl (pH 7.3), 0.1% (w/v) SDS, 1 mM EDTA). 
Following the gel electrophoresis, the proteins were fixed with 50% (v/v) methanol and 7% 
(v/v) acetic acid overnight. The gels were then stained with 50 mL SYPRO Ruby (Invitrogen, 
USA) overnight. After staining the gels were washed in 10% (v/v) methanol and 7% (v/v) 
acetic acid, before imaging with an Odyssey® Fc imaging system (LI-COR Biotechnology, 
USA).  
The gels were then destained in 50% (v/v) methanol and 7% (v/v) acetic acid for 1 h, 
before re-staining overnight with 50 mL colloidal coomassie (0.12% (w/v) coomassie 
brilliant blue G-250, 10% (w/v) ammonium sulfate, 10% (v/v) phosphoric acid, 20% (v/v) 
methanol). Following the staining step, the gels were washed with milli-Q H2O multiple times 
10-20x for 5 min to lower the background signal before imaging with an Odyssey® Fc 
imaging system (LI-COR Biotechnology, USA). 
 
2.4.15 Autoradiographic imaging 
 Blue-native gels or 2 dimensional gels containing radioactively labelled proteins were 
soaked in 30% (v/v) methanol and 5% glycerol for 20 min. After soaking, the gel was 
‘sandwiched’ between two sheets of cellophane which had also been soaked in 30% (v/v) 
methanol and 5% (v/v) glycerol and suspended in a plastic frame for 12 h to dry the gel. The 
dried gel was placed in a Dupont Cronex intensifying screen lightning plus exposure cassette 




Autoradiographic films were developed using a custom automatic developer 
(Radiography, Department of Oral Diagnostic and Surgical Sciences, University of Otago, 
New Zealand). 
 
2.4.16 Mass spectrometry analysis 
Spots were excised from the 2 dimensional gels using a Pasteur pipette and submitted 
for mass spectrometry analysis to the Centre for Protein Research (Department of 
Biochemistry, University of Otago, New Zealand). The raw data provided by the Centre for 
Protein Research was analysed using the MASCOT program on the local server 
(http://biocmascot.otago.ac.nz/mascot/cgi), using the Synechocystis sp. 6803 genome as a 
reference. 
 
2.4.17 Bicarbonate depletion 
To perform bicarbonate re-binding titrations (Appendix IV) the bicarbonate ligand to 
the non-heme iron was removed from the PS II thylakoid membranes. For this procedure, 
thylakoid membranes were first extracted as described in section 2.4.8 (large scale thylakoid 
extraction).  
Depletion buffer (300 mM sorbitol, 25 mM formate, 10 mM NaCl, 5 mM MgCl, 10 
mM MES (pH 6.0) was degassed for 20 min by bubbling with N2 gas and mixing using a 
magnetic stirrer bar. Thylakoid membranes were diluted with degassed depletion buffer to give 
3 mL of thylakoid membranes at a chlorophyll a concentration of 200 µg.mL-1. Chlorophyll a 
measurements were performed as described in section 2.4.9. The diluted thylakoid membranes 





Assay buffer (100 mM sorbitol, 10 mM formate, 10 mM NaCl, 5 mM MgCl, 20 mM 
HEPES (pH 7.5) was degassed for 20 min by bubbling with N2 gas with mixing using a 
magnetic stir bar. Aliquots of degassed thylakoids were diluted with degassed assay buffer to 
give 1 mL at a concentration of 5 µg.mL-1 of chlorophyll a. The oxygen evolution rates of the 

















Thylakoid membranes in depletion buffer 
Rubber bung 
Stirrer bar 
Figure 2.3. Apparatus setup for bicarbonate depletion of thylakoid membranes. The glass beaker 




Chapter 3  
Mutation of residues in the immediate bicarbonate environment 
3.1 Introduction 
 This chapter investigates the effect of mutating the residues in the immediate vicinity 
of the bicarbonate ligand to the non-heme iron. As discussed in section 1.5.2, the bicarbonate 
ligand has been advocated as a potential proton donor in the protonation of QB
2-(H+), as well 
as playing a role in QA
- to QB electron transfer. To investigate the role of the bicarbonate 
ligand to the NHI, mutants were generated to disrupt the immediate bicarbonate environment. 
A control strain was also generated which contained the same antibiotic resistance cassette as 
the mutant strains, while maintaining a wild-type psbA2 gene (Appendix V). 
 
3.1.2 Choice of mutants 
Analysis of the PS II X-ray-derived crystal structure (Suga et al, 2015; PDB 4UB6), 
showed that the D1:Glu-244 and D1:Tyr-246 residues are in close proximity to the 
bicarbonate ligand (3.6 Å and 3.2 Å, respectively) (Figure 3.1). Both of these residues appear 
to bind the bicarbonate either directly, or via intermediary water molecules. Furthermore, 
these residues appear to be part of the putative hydrogen bonding network, connecting the 
bicarbonate to the cytosol (or stroma in photosynthetic eukaryotes). Consequently, the 
D1:Glu-244 and D1:Tyr-246 residues were each individually mutated to an alanine, 
generating the E244A and Y246A mutant strains, respectively, or were mutated together, 
generating the E244A:Y246A double mutant strain. The purpose of these mutations was to 
disrupt the environment around the bicarbonate, as well as disrupting the hydrogen bonding 





Figure 3.1. Diagram of the bicarbonate binding site. Image generated from PDB 4UB6. The non-heme 
iron is shown as an orange ball. The QA and QB quinones are shown in yellow and green, respectively. 
D1 residues are shown in blue, D2 residues are shown in red. The D1:Glu244 and D1:Tyr246 residues 
are emphasized in darker blue. The water molecules are shown as red spheres and the oxygen atoms 
in the amino acids, quinones and bicarbonate are also shown in red. Nitrogen atoms are shown in dark 
blue. The putative hydrogen bonds are shown with black dotted lines. This diagram was generated 
using PYMOL. 
 
3.1.3 Chapter outline 
This chapter is divided into four sections, the first section deals with the physiological 
characterisation of the mutant strains under standard conditions. The second section deals 
with the effects of adding exogenous bicarbonate or formate to the mutant strains. The third 
section deals with the ability of the mutant strains to tolerate high light conditions. The fourth 




The physiological characterisation of these strains includes photoautotrophic growth 
curves in high and low light, oxygen evolution assays, chlorophyll a fluorescence 
induction/decay assays with various additions, low temperature fluorescence emission 
spectroscopy, thermoluminescence assays and PAGE analysis. 
 
3.2 Steady state physiology 
 3.2.1 Photoautotrophic growth curve and western blot PAGE analysis 
When grown photoautotrophically, all of the mutant strains displayed reduced growth 
rates compared to the control, with the Y246A and E244A:Y246A mutants growing 
particularly slowly (Figure 3.2A). To determine if this lack of growth was caused by an 
inability to effectively assemble PS II dimers, thylakoid membranes from the wild type and 
mutant strains were extracted and solubilised, allowing separation of the intact protein 
complexes using BN-PAGE (Figure 3.2 ). An α-D1 western blot was performed on the BN-
PAGE gel to identify D1 containing complexes (Figure 3.2C). The wild type, control and 
each of the mutant strains all showed similar intensities for the PS II dimer band. 
Photosystem II monomers were also detected in the western blot of the BN-PAGE gel. This 
may indicate that, in vivo, a fraction of PS II centres exist as monomers. Alternatively, the 
monomers may be an artefact of the solubilisation process, whereby dimers are separated into 
monomers by the detergent treatment. As seen for the PS II dimer band, the wild type, control 
and mutant strains all showed similar intensities for the PS II monomer band. This indicates 
that the control and the mutant strains are all capable of assembling PS II centres at a similar 




To quantitatively assess the changes to the growth rate of the mutant strains, the 
doubling time of each of the strains was calculated from the exponential growth phase (12 h-
60 h) of the photoautotrophic growth curve (Table 3.1). 
Figure 3.2. Photoautotrophic growth curve, BN-PAGE and α-D1 western blot of the BN-PAGE. The 
strains are: control (black filled circles), E244A (black empty circles), Y246A (blue filled circles), 
E244A:Y246A (blue empty circles). (A) Photoautotrophic growth curve determined by light scattering 
at 730 nm. Error bars represent the standard error from at least 3 independent experiments. An example 
of the growth curve repeats is shown in Appendix VI. (B) BN-PAGE with solubilised thylakoid 
membranes at an amount equivalent to 1 µg of chlorophyll a. Wild type (lane 1), E244A (lane 2), Y246A 
(lane 3), E244A:Y246A (lane 4), control (lane 5).  ( ) α-D1 western blot of the BN-PAGE gel from 
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The doubling time for the E244A strain increased from the 15 h seen in the control to 
25h, while the Y246A and E244:Y246A strains displayed extended doubling times of 41 h 
and 47 h, respectively. This result indicates that the mutations have either reduced the 
photosynthetic capacity of the mutant strains, or introduced an additional metabolic burden, 
reducing the growth rate. 
 
3.2.2 Oxygen evolution rates 
To determine the activity of PS II in the mutant strains the oxygen evolution rate was 
measured in the presence of DMBQ (Figure 3.3). DMBQ is able to enter the QB binding 
pocket and oxidise QA
- (Satoh, 1992). This allows the rate of PS II activity to be measured 
independently of the rest of the photosynthetic electron transport chain, as electrons are 
sequestered by DMBQ and not passed on to the cytochrome b6f complex. This allows PS II to 
operate at its maximum rate over long durations, as it is not limited by other complexes in the 
photosynthetic electron transport chain or by reduction of the plastoquinone pool. K3FeCN6 is 
also added to re-oxidise reduced DMBQ, maintaining high levels of oxidised DMBQ in the 
assay. The rate of oxygen evolution in the E244A strain dropped to 65% of the control rate, 
Table 3.1. Doubling times estimated from the photoautotrophic growth 
curves (Figure 3.2A). The method for the estimation of doubling times is 
shown in Appendix VI. 
Strain Light 
Intensity 
Doubling time (h) 
Control Low light 15 
E244A Low light 24 
Y246A Low light 41 




while the oxygen evolution rates of the Y246A and E244A:Y246A strains dropped to 35% 
and 42% of the control, respectively. The oxygen evolution results follow a similar trend to 
the doubling times of the mutants (Table 3.1) This suggests that reduced PS II activity is the 










3.2.3 Low temperature fluorescence emission spectroscopy 
At room temperature the decay of excited pigments through the emission of 
fluorescence is rare, instead the energy is often dissipated through intramolecular vibrations 
or biochemical quenching mechanisms. However, at low temperatures these non-fluorescent 
Figure 3.3. Oxygen evolution assays. Strains shown are: control (black solid line), E244A (black 
dashed line), Y246A (blue solid line) and E244A:Y246A (blue dashed line). The cells were treated 
with 200 µM DMBQ and 1 mM K3Fe(CN)6  added 90 s before the light was switched on. All cells 
were measured at a chlorophyll a concentration of 5 µg.mL-1. An example of oxygen evolution 





decay pathways are impeded, leading to increased decay via fluorescence emission (Lamb et 
al., 2018). Consequently, low temperature fluorescence emission spectroscopy can be used to 
measure emissions from pigments in PS II, PS I and phycobilisomes. The relative 
fluorescence emissions from the decay of these excited pigments can be used to compare the 
amount of each protein in the various strains. Comparison between the PS II and PS I 
emissions allows the PS II:PS I ratio to be qualitatively assessed. While the fluorescence 
emission from phycobilisomes provides information about the coupling between the 
phycobilisomes and PS I and PS II. It is important to know the PS II:PS I ratio of the various 
strains as most measurements are performed at a fixed amount of chlorophyll, therefore, 
changes in the PS II:PS I ratio can alter the amount of PS II and PS I loaded into each assay. 
Photons at 440 nm directly excite the chlorophyll pigments in CP43, CP47 and PS I. For 
intact PS II dimers, fluorescence emission from CP43 and CP47 occur at 685 nm and 695 nm, 
respectively, while PS I emits at 725 nm. However, unassembled CP43 and CP47 pre-
complexes both emit at 685 nm (Boehm et al., 2011). Fluorescence spectra are commonly 
normalised to the PS I (725 nm) peak (Jackson and Eaton-Rye, 2015; Biswas and Eaton-Rye, 
2018). However, it quickly became apparent that there were considerable difference in the PS 
I emissions of the control and the mutant strains measured in this chapter. Consequently, 
normalisation to the PS I peak was not appropriate, therefore, the low-temperature emission 
spectra in this chapter were normalised to the total fluorescence to observe the changes to the 





When excited with 440 nm light (Figure 3.4A), the E244A and Y246A strains show 
an increase in the amplitude of the 685 nm (CP43 emission) peak, displaying CP43 emissions 
that are 25% and 28% higher than the control, respectively. A similar increase was observed 
for the 695 nm (CP47 emission) peak (33% increase for both the E244A and Y246A 
mutants). The 725 nm (PS I emission) peak amplitude is also reduced in both of these 
mutants to 96% of the control. The combination of the single mutants appeared to have an 
additive effect, with the E244A:Y246A strain displaying an amplitude increase of 66% and 
69%, for the 685 nm and 695 nm peaks, respectively, compared to the control, coinciding 
with a decrease in the amplitude of the 725 nm peak to 80% of the control. Increased PS II 
repair or blocked assembly results in accumulated CP43 and CP47 pre-complexes, elevating 
the 685 nm peak over the 695 nm peak. This was not evident in the E244A or Y246A strains; 
Figure 3.4. Low-temperature fluorescence emission spectra. (A) 440 nm excitation and (B) 580 nm 
excitation for control (black solid line), E244A (black dashed line), Y246A (blue solid line), 
E244A:Y246A (blue dashed line). Spectra are the average of at least three independent experiments 
and are normalised to the total fluorescence. An example of low-temperature emission repeats is 




















































however, the E244A:Y246A strain showed a slight elevation of the 685 nm peak over the 695 
nm peak, suggesting elevated levels of PS II pre-complexes in the E244A:Y246A strain. 
Despite showing increased fluorescence emissions from at 685 nm and 695 nm, the mutant 
strains did not show an increased PS II band in the α-D1 western blot (Figure 3.2C). This 
may be due to the qualitative nature of the western blot, making it difficult to observe 
relatively small changes in the amount of protein in a band. 
Photons at 580 nm excite the phyocbilisome pigments. When the phycobilisomes are 
coupled to a photosystem, the energy is passed from the phycobilisome to the photosystem 
and the fluorescence is emitted from the photosystem at their characteristic wavelengths. 
However, when the phycobilisome is uncoupled, the fluorescence is emitted directly from the 
phycobiliproteins. Therefore, comparison between the phycobilisome peaks can be used to 
compare the amount of phycobilisome coupling in the various strains. When excited with 580 
nm light (Figure 3.4B), all strains showed an increase in the 695 nm shoulder (PS II peak) of 
approximately 15%, relative to the control, while the PS I peak dropped for the E244A, 
Y246A and E244A:Y246A strains to 89%, 85% and 80% of the control amplitude, 
respectively. This result support the 440 nm spectrum, as the increase at 695 nm indicates 
elevated PS II emissions, while the drop in PS I emissions mirrors the 440 nm results (Figure 
3.4A). The 580 nm spectrum also shows no change in the phycobilisome emissions for the 
mutants. As phycobilisome decoupling occurs when mutants are damaged and/or enter the PS 
II repair cycle, the similarity of the phycobilisome emissions in the control and the mutant 
strains further indicates that under standard conditions PS II assembly and PS II repair is not 





3.2.4 Chlorophyll a fluorescence assays 
As bicarbonate has been hypothesised to play a role in QA
- to QB electron transfer 
(Wydrzynski, 1975; Pulles et al., 1976), chlorophyll a fluorescence induction assays were 
performed on the mutant strains to investigate the relative rates of electron transfer in the 
control and mutant strains. Chlorophyll a fluorescence induction assays excite the population 
of PS II centres with a constant low-level actinic light, causing charge separation reactions, 
generating QA
-. When PS II centres have a reduced QA
- species they are incapable of 
performing another charge separation event until QA
- has been oxidised, these centres are 
termed ‘closed’. During fluorescence induction assays the sample is probed by a series of low 
intensity measuring flashes. If the photons of a measuring flash encounter a ‘closed centre’, 
the light energy cannot be utilised, and is consequently re-emitted as fluorescence. Therefore, 
by tracking the amount of fluorescence emitted following the measuring flashes the average 
redox state of the QA population can be inferred. As the average redox state of the QA 
population is affected by the oxidation of QA
- by QB, changes to the fluorescence induction 
spectrum can provide information about the rate of QA













The control strain exhibited a characteristic fluorescence induction curve (Figure 3.5). 
This is made up of an initial rise in fluorescence from the origin (O) to the J-level (J) due to 
QA
 reduction increasing the fraction of closed centres. At the J-level, the rate of QA
 reduction 
by the actinic light equals the rate of QA
-
 oxidation by QB causing fluorescence to plateau. As 
QB oxidises QA
-
, the plastoquinone pool becomes reduced, causing fluorescence to rise from 
the inflection point (I), to the maximum level (P). Following the P level, the Calvin-Benson 
cycle is activated, causing electron flow to resume in PS II and PS I in order to replenish the 
ATP and NADPH used in the Calvin-Benson cycle. This causes the fluorescence level to 
Figure 3.5. Room temperature fluorescence induction assays. Dark-adapted cells are illuminated with 
a constant actinic light (455 nm) and measured with blue measuring flashes (455 nm). The strains 
were control (filled black symbols), E244A (empty black symbols), Y246A (filled blue symbols), 
E244A:Y246A (empty blue symbols). (A) No addition. (B) Addition of 40 µM DCMU. DCMU was 
added 2 min prior to measurement. The O, J, I and P points are labelled below the control 
fluorescence curve with no addition. An example of fluorescence induction repeats is shown in 
Appendix VI. 
 




















































drop after the P-peak due to re-oxidation of the plastoquinone pool, as well as other factors 
which effect the fluorescence when the light reactions reach a steady state, such as changes to 
the distribution of phycobilisome energy between PS II and PS I. Changes to this O-J-I-P 
curve can provide insight into the transfer of electrons on the acceptor side. 
All of the mutant strains displayed elevated J levels relative to the control. As the 
actinic light intensity is the same in each assay, it can be assumed that the rate of QA
- 
reduction is constant. Therefore, the elevated J-level indicates slowed QA
- to QB electron 
transfer in the mutant strains, compared to the control, as the mutant strains require the 
average QA redox state to become more oxidised before the rate of QA
- oxidation by QB 
equals the rate of QA
 reduction. Furthermore, the E244A and E244A:Y246A strains both have 
P-peaks that are approximately 30% higher than the control and Y246A strains. The low 
temperature spectroscopy at 440 nm (Figure 3.4A), indicated elevated PS II:PS I ratios in the 
mutants. Consequently, as the fluorescence assays are measured at a fixed amount of 
chlorophyll, the mutant strains will have more PS II centres in their fluorescence assays than 
the control. This explains the elevated P level observed for the E244A and E244A:Y246A 
strains. However, the low temperature spectroscopy results would predict equally elevated P 
levels for the E244A and Y246A strains, and a greatly elevated P peak for the E244A:Y246A 
double mutant. This discrepancy may be due to quenching mechanisms in the mutants which 
contain the Y246A point mutation. An oxidised plastoquinone pool can act as a 
photochemical quencher (Vernotte et al., 1979). Therefore, if the Y246A mutation is 
preventing the reduction of the plastoquinone pool, perhaps due to slowed QA
- to QB electron 
transfer, then the Y246A and E244A:Y246A strains may display diminished fluorescence 
levels due to photochemical quenching. This would also explain why the P-peaks are 




fully run out, before the Calvin-Benson cycle activates, stimulating re-oxidation of 
plastoquinol back to plastoquinone. 
 
The PS II-specific herbicide DCMU preferentially binds in the QB binding site, 
preventing QB oxidation of QA
-. Consequently, when fluorescence induction assays are 
performed in the presence of DCMU, the fluorescence rapidly rises to its maximum (FM) and 
stays at this level as QA
- cannot be oxidised. Fluorescence induction assays of DCMU-treated 
cells can be used to determine the relative amounts of PS II in the samples as, in theory, the 
maximum fluorescence level should be proportional to the number of functional PS II centres 
in the assay. Additionally, when treated with DCMU, the plastoquinone pool is not reduced 
as electrons cannot pass to QB, therefore, all samples will experience the same level of 
photochemical quenching by the plastoquinone pool. 
The fluorescence induction measurements of the DCMU-treated mutant strains 
showed an elevated FM level in all of the mutants, relative to the control, indicating that there 
are more PS II centres in the mutant strains (Figure 3.5B). The E244A and Y246A strains 
exhibited FM levels that were 25% and 10% higher than the control, respectively, while the 
E244A:Y246A strain had a FM which was 50% higher than the control. These results support 
the conclusion that in the absence of DCMU the P-peaks of the Y246A and E244A:Y246A 
strains are lowered due to quenching from the relatively oxidised plastoquinone pool. This 
result also supports the low temperature fluorescence emission spectra, indicating that at a 
fixed amount of chlorophyll, the mutants contain more PS II centres than the control. 
However, the low temperature fluorescence results would predict similar FM levels for the 
E244A and Y246A strains. This is not observed in the DCMU-treated fluorescence induction 




To further investigate the rate of QA
- to QB electron transfer in the mutant strains, 
chlorophyll a variable fluorescence decay assays were performed. Chlorophyll a variable 
fluorescence decay assays involve the excitation of dark-adapted cells with one or more 
saturating actinic flashes which excite the entire population of P680, leading to the generation 
of QA
- in all centres. 
Consequently, immediately after the actinic flash, all of the centres will be ‘closed’; however, 
as QA
- becomes oxidised by QB or through alternate pathways, the PS II centres will ‘re-
open’. The change in the average  A
 redox state, from fully reduced, immediately following 
the actinic flash, to fully oxidised, when the electron has moved off QA
- in all of the centres, 
can be tracked with a series of measuring flashes. By tracking the decay of the fluorescence 
in the assay, the rates of QA
- oxidation may be determined. Strains with slowed electron 
transfer across the acceptor side will display slower rates of fluorescence decay as QA- 
oxidation is slowed. Preceding the actinic flash, the dark-adapted samples are probed by a 
series of measuring flashes to determine the baseline fluorescence, termed FO. The FO value 
measures the population of reduced QA
- in the dark, as well as contributions from other 
potential sources such as phycobilisomes, or PS I emissions. Inactive PS II centres can also 
contribute to FO, as inactive PS II centres are unable to utilise the light from the measuring 
flash, and thus re-emit the incoming light as fluorescence. However, as many sources 
contribute to FO, elevated FO levels on their own, do not conclusively prove an increased 





The non-normalised fluorescence decay (Figure 3.6A) displays elevated FO levels for 
the Y246A strain and particularly the E244A:Y246A strain. This may indicate a slight 
increase in the fraction of PS II centres which are inactive in these strains. However, as 
discussed above, elevated FO levels alone cannot conclusively prove a rise in the fraction of 
inactive PS II centres, as many sources contribute to the FO level. However, if the Y246A and 
E244A:Y246A strains do have an increased fraction of inactive PS II centres (i.e. assembly or 
repair intermediates), this may partially explain the discrepancy between the apparent number 
of PS II centres seen in the low temperature fluorescence spectra and the fluorescence 
Figure 3.6. Room temperature fluorescence decay assays. Fluorescence emissions are measured 
following a single turnover actinic flash illuminating dark-adapted cells. The strains are: control (full 
black symbols), E244A (empty black symbols), Y246A (full blue symbols), E244A:Y246A (empty 
blue symbols). Cells were dark adapted for 5 min before measurement. Fluorescence decay traces 
were plotted as fluorescence – FO (A), or normalised to FM (B).  An example of fluorescence decay 
repeats is shown in Appendix VI. 
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induction assays, as inactive PS II centres will still contribute to the low temperature 
fluorescence signal, but not to the FM in fluorescence induction measurements. 
 The amount of variable fluorescence (FM-FO) is elevated in the mutant strains relative 
to the control. This indicates a greater number of PS II centres in the mutant strains, in 
agreement with the fluorescence induction data. However, unlike the fluorescence induction 
data, the variable fluorescence appears to be the same in the single and double mutants. 
Reliable data cannot be collected immediately after the actinic flash, due to after-effects of 
the actinic light.  onsequently, the ‘true’ FM value of a strain is often different to the 
‘measured’ FM which is determined from the first reliable fluorescence measurement, 127 µs 
after the actinic flash. Therefore, elevated variable fluorescence in the E244A:Y246A strain 
relative to the single mutants may not be observed due to fluorescence decay during the first 
127 µs causing the measured FM to be similar in all of the mutant strains. 
To allow for direct comparison of the electron transfer rates, the variable fluorescence 
decay measurements (Figure 3.6A) were normalised to their respective FM values (Figure 
3.6B). This allows for comparison of the rates of fluorescence decay, regardless of 
differences in the variable fluorescence. The Y246A and E244A:Y246A strains show 
dramatically slowed rates of fluorescence decay relative to the control, while the E244A 
strain shows slowed fluorescence decay relative to the control; but, not to the same extent as 
the other mutant strains. This indicates slowed QA
- oxidation in the E244A strain and 
especially in the Y246A and E244A:Y246A strains. 
Decreased rates of decay indicate slowed QA
- oxidation; however, QA
- oxidation can 
occur through 3 kinetically distinct processes. A ‘fast’ (microsecond) phase, where  A
- is 
oxidised by QB. An ‘intermediate’ (millisecond) phase, which occurs in centres which do not 





- and a ‘slow’ (second) phase, where  A
- is oxidised by charge recombination with 
the Mn-cluster. This charge recombination process is termed the ‘back reaction’ as this 
process returns PS II to its original state without progressing photosynthesis. For centres 
which undergo ‘fast phase’  A
- oxidation, the fluorescence drops exponentially with time. 
This is also the case for the ‘intermediate phase’ centres, however, the fluorescence decay of 
the centres which undergo ‘slow phase’ oxidation is modelled as a hyperbolic curve (Vass et 
al., 1999). Therefore, as the fluorescence decay measured in Figure 3.6B is the sum of these 
three processes, the total fluorescence decay can be separated into its three distinct processes 
by modelling the measured fluorescence as the sum of 2 exponential curves and a hyperbolic 
curve, as seen in equation 1. 
Ft-F0 = A1exp
(-t/T1) + A2exp
(-t/T2) + A3/(1+t/T3)  (Equation 1) 
Equation 1 describes how at any point, the fluorescence at time ‘t’ (Ft) minus the 
baseline FO can be expressed as the sum of the 2 exponential curves and one hyperbolic 
curve, corresponding to the fluorescence decay of the fast, intermediate and slow phases of 
QA
- oxidation (Vass et al., 1999). Changes in the amounts of each process taking place (as 
seen by changes in the A1, A2 and A3 variables in Equation 1), or the rates of decay (as seen 
by changes in the T1, T2 or T3 variables in Equation 1), can provide useful information on 
the effect of the mutations on each individual QA
- oxidation pathway. The total fluorescence 
decay of each strain was separated into their 3 components, and with their respective rates 









The E244A strain displayed similar half-times to the control for the fast and slow 
phases; however, the slow phase amplitude decreased slightly in the E244A strain (10% in 
control; 7% in the E244A strain). However, the half-time of the intermediate phase for the 
E244A strain exhibited an approximate 14-fold increase relative to the control (t1/2: 5.5 ms in 
control; 74.3 ms in E244A cells); while the intermediate phase amplitude was similar in the 
E244A strain and the control (Table 3.2). The Y246A strain demonstrated an approximate 
three-fold increase in the fast phase half-time (t1/2: 353 µs in control; 923 µs in the Y246A 
strain) while the fast phase amplitude dropped to approximately half that of the control (65% 
in control; 29% in the Y246A strain). This coincides with an approximate five-fold decrease in 
the slow phase half-time (t1/2: 7.6 s in control; 1.4 s in the Y246A strain) along with a 
considerable rise in the slow phase amplitude (10% in control; 59% in the Y246A strain). The 
decay of the intermediate phase for the Y246A strain (t1/2: 16.6 ms in the Y246A strain) 
Table 3.2. Kinetic analysis of the variable fluorescence decay following one single turnover flash. 
Total fluorescence is split into 3 kinetic components representing the 3 different processes of QA- 
oxidation.  The error displayed in the table is the standard error calculated from at least 3 repeats. 
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demonstrated a proportionally similar increase to the fast phase (3-fold increase), while the 
amplitude of the intermediate phase also decreased relative to the control (26% in the control; 
12% in the Y246A strain) (Table 3.2). Similar to the Y246A strain, the E244A:Y246A strain 
also demonstrated an increased fast phase half-time, although to a lesser extent than in the 
Y246A strain (t1/2: 669 µs in the E244A:Y246A strain) while the amplitude also dropped to 
approximately half of that in the control. The E244A:Y246A strain also demonstrated a 
concomitant drop in the slow phase half-time (t1/2: 2.3 s in the E244A:Y246A strain) and an 
increase in the slow phase amplitude (43% in the E244A:Y246A strain). The decay of the 
intermediate phase of the E244A:Y246A strain increased to a similar extent to the fast phase, 
demonstrating an approximate two-fold increase (t1/2: 13.8 ms in the E244A:Y246A strain), 
while the amplitude of the intermediate phase was similar to the control. It is interesting to note 
that the double mutant lacks the slowed intermediate phase observed in the E244A single 
mutant, while the amplitude shift favouring the slow phase over the fast phase in the Y246A 
strain is also less pronounced in the E244A:Y246A strain than in the Y246A strain.  
 As seen in the fluorescence induction assays, DCMU can be added to the samples to 
prevent QA
- to QB electron transfer in fluorescence decay assays. This leaves charge 
recombination as the only pathway for QA
- oxidation. Consequently, fluorescence decay assays 
of DCMU-treated samples can provide information about the relative rates of charge 







In the presence of DCMU (Figure 3.7A), the mutant strains show increased variable 
fluorescence compared to the wild type, with the E244A, Y246A and E244A:Y246A strains 
showing FM levels approximately 25%, 15% and 50% higher than the control, respectively, 
while displaying relatively similar FO levels. The increase in variable fluorescence is 
consistent with the fluorescence induction and low-temperature fluorescence emission results 
(Figures 3.4 and 3.5). When the variable fluorescence of the DCMU-treated mutants is 
normalised to their respective FM (Figure 3.7B) it becomes apparent that the E244A and 
A No Treatment




























































































































































































Figure 3.7. Room temperature fluorescence decay assays in the presence of 40 µM DCMU. Fluorescence 
emissions are measured following a single turnover actinic flash illuminating dark-adapted cells. The 
strains are: control (full black symbols), E244A (empty black symbols), Y246A (full blue symbols), 
E244A:Y246A (empty blue symbols). Cells were dark adapted for 5 min before measurement. 
Fluorescence decay traces were plotted as fluorescence – FO (A), or normalised to FM (B).  An example 




E244A:Y246A strains have a slower decay of variable fluorescence in the presence of 
DCMU (Figure 3.7B), indicating slowed charge recombination kinetics in these mutants. 
When QA
- to QB transfer is prevented, charge recombination can occur on a 
millisecond timescale between P680+ and QA
-, before the positive charge migrates to the Mn-
cluster. Consequently, the rates of fluorescence decay in the presence of DCMU can be 
modelled using an exponential (millisecond) intermediate component attributed to charge 
recombination between QA
- and P680+, and a hyperbolic (second) slow component, attributed 
to charge recombination between QA
- and the S2 state of the Mn-cluster (hereafter referred to 
as S2). Therefore, to further investigate the effect of the mutations of the rate of charge 
recombination via the back reaction, the fluorescence decay traces of the DCMU-treated 
samples were de-convoluted into the two individual QA
- oxidation pathways, and the kinetics 
calculated. The kinetics data extracted from Figure 3.7B is shown in Table 3.3. 
 
 
Table 3.3. Kinetic analysis of the variable fluorescence decay following one single turnover flash in 
the presence of 40 µM DCMU. Total fluorescence is split into 2 kinetic components representing the 2 
different processes of QA- oxidation in the presence of DCMU.  The error displayed in the table is the 
standard error calculated from at least 3 repeats. 





Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 
Amplitude   
(%) 
Control DCMU       3.9 ± 0.3 4.9 ± 0.3 0.9 ± 0.1 94.0 ± 0.7 
E244A DCMU       12.4 ± 4.5 3.1 ± 0.2 2.2 ± 0.1 96.7 ± 0.3 
Y246A DCMU       5.8 ± 0.7 3.2 ± 0.7 0.9 ± 0.1 95.8 ± 0.2 




In the presence of DCMU, the slow phase for the Y246A strain was similar to the control 
rate with only a small change in amplitude (94% in control; 96% in the Y246A strain). The 
intermediate phase was also similar (t1/2: 3.9 ms in control; 5.8 ms in Y246A cells). Conversely 
both the E244A and E244A:Y246A strains displayed an approximate two-fold increase in the 
slow phase relative to the control (t1/2: 0.9 s in control; 2.2 s in the E244A strain; and 1.9 s in 
the E244A:Y246A strain), but the corresponding amplitudes remained similar (Table 3.2). 
Similarly, the intermediate phase of the E244A and E244A:Y246A strains also demonstrated 
an approximate three-fold increase (t1/2: 3.9 ms in control; 12.4 ms in the E244A strain; 11.9 
ms in the E244A:Y246A strain), while the amplitudes only varied slightly (Table 3.2). This 
indicates that the S2QA
- and P680+QA
- charge separated states are stabilised in the E244A and 
E244A:Y246A strains. This may be due to changes in the QA
- redox potential, stabilising QA
- 
slowing charge recombination (Rutherford and Krieger-Liszkay, 2001). 
The main conclusions from the fluorescence decay results are that the QB binding is 
dramatically slowed in the E244A strain, while the QA
-QB and QAQB
- equilibrium in the Y246A 
strain appears to have shifted substantially. Shifts in equilibrium which favour QA
- formation 
accelerate the back reaction as S2QA
- charge recombination has a half-time of 1 s (Rappaport 
et al., 2002) compared to the 13 s half-time of S2QB
- charge recombination (Vass et al., 1999). 
Consequently, more than 50% of the Y246A centres decay via the back reaction. This is 
presumably the cause of the slowed oxygen evolution and growth rates. The fluorescence decay 
measurements in the presence of DCMU indicate stabilisation of QA
- in the E244A and 
E244A:Y246A species, which is not seen in the control or Y246A strains. This suggests that 
in the Y246A strain, the shift in equilibrium causing the electron to preferentially locate on QA
- 






3.2.5 Thermoluminescence  
To further investigate the impact of the mutations in the E244A and Y246A strains on 
the acceptor side of PS II, thermoluminescence (TL) assays were performed. 
Thermoluminescence assays are performed by exciting PS II centres with an actinic flash at 
low temperatures. In the control strain, this causes an electron to move to QB forming QB
-. At 
low temperatures the electron remains localised on QB
-, until the ambient temperature 
increases enough for the electron to overcome the thermodynamic barrier preventing decay 
back to the ground state. In a fraction of centres, the decay back to the ground state will occur 
through the radiative pathway (Figure 1.12) resulting in the emission of measureable 
fluorescence. Changes to the redox midpoint potential of the QB/QB
- couple change the 
energy required to overcome the thermodynamic barrier, and the temperature at which the 
thermoluminescence emissions occur. Therefore, thermoluminescence assays can be used to 
detect changes in the redox midpoint potential of QB/QB
-. When DCMU is added to the 
thermoluminescence assay, QA
- to QB electron transfer is prevented, therefore following the 
actinic flash, the electron localises on QA instead of QB. Consequently, in the presence of 
DCMU, thermoluminescence assays can be used to detect changes in the redox midpoint 
potential of the QA/QA











Figure 3.8. Thermoluminescence emission from Synechocystis 6803 cells. The measured emission 
curves are shown in solid lines while the derived individual components which make up with total 
emission are shown in dashed lines. The panels show control (A), E244A (B), Y246A (C) with no 
treatment; or control (D), E244A (E), Y246A (F) treated with 40 µM DCMU. An example of 
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In the control, excitation by a single actinic flash resulted in two thermoluminescence 
peaks (Figure 3.7A); a large peak at 31 oC and a smaller peak at 52 oC which correspond to the 
B and C bands, respectively. B-bands are ascribed to emissions from S2QB
- charge 
recombination, while C-bands are ascribed to emissions from the charge recombination of QA
- 
and Tyr-D+ (The charged tyrosine residue in D2, analogous to Tyr-Z in D1). The E244A strain 
(Figure 3.7B) showed a slight temperature shift in both the B and C bands to 32 oC and 55 oC, 
respectively. This suggests that the redox potential of QB
- in the E244A strain is more positive 
than the control, as more energy is required to remove the electron from its trapped state on 
QB
-. The increased temperature of the C-band suggests that this is also the case for QA
-. In the 
case of the Y246A strain (Figure 3.7C), the B-band disappeared and was replaced by a peak at 
17.5 oC, which corresponds to a Q-band arising from the recombination of S2QA
-. In addition, 
the C-band exhibited a small temperature shift to 50 oC. This indicates the election is more 
stable on QA
- than QB
- in the Y246A strain. This supports the fluorescence decay data, which 
showed a large shift in the QA
-QB/QAQB
- equilibrium in the Y246A strain.  
In the control strain, the addition of DCMU resulted in a Q-band at 16.5 oC, and a C-
band at 53 oC (Figure 3.7D). In the presence of DCMU, the TL peaks in the E244A strain were 
higher than in the control, displaying a Q-band at 22.5 oC and a C-band at 56 oC (Fig. 7E). This 
indicates that the QA
- redox midpoint potential has become more positive in the E244A strain. 
This result supports the fluorescence decay result for DCMU-treated E244A cells, which 
indicated that QA
- was stabilised in the E244A strain. Alternatively, the Q band of the Y246A 
strain in the presence of DCMU was approximately the same as the control, appearing at 16 oC 
(Figure 3.7F). This result suggests that the redox midpoint potential of QA
- is similar in the 
Y246A strain and the control, in agreement with the fluorescence decay result from DCMU-
treated Y246A cells. Overall, the thermoluminescence data indicates that the QA
- species of 




destabilisation of the QB
- species of the Y246A strain. The E244A:Y246A strain was omitted 
from the thermoluminescence measurements due to a sudden loss of PS II function, as 
discussed in section 3.5. 
 
3.3 Bicarbonate effect 
In the wild-type, the removal of the bicarbonate slows QA
- to QB electron transfer, as 
discussed in section 1.5.2. As chlorophyll a variable fluorescence assays are affected by 
changes to the QA
- to QB electron transfer rate, the removal of the bicarbonate in the wild-
type slows the rate of variable fluorescence decay. Therefore, to investigate the binding state 
of the bicarbonate ligand binding in the mutant strains, fluorescence decay assays were 
performed in the addition of exogenous bicarbonate, formate or both. Bicarbonate was added 
to facilitate re-ligation of bicarbonate in centres where the bicarbonate had potentially 
dissociated from the NHI, while formate is known to competitively inhibit bicarbonate 
binding, by displacing it, and binding to the NHI in its place (Govindjee et al., 1991). The 
concentrations of bicarbonate and formate added to the fluorescence decay samples (15 mM 
and 25 mM, respectively) was chosen based on titrations performed on the wild type with 
various concentrations of bicarbonate or formate (Appendix IV). The 15 mM and 25 mM 
concentrations for bicarbonate and formate, respectively, were determined to be effective 
concentrations for either replacing a dissociated bicarbonate ligand, or for displacing a bound 
bicarbonate ligand in the wild type. The fluorescence decay measurements with bicarbonate 







 The fluorescence decay measurements for the control displayed a slower rate of 
fluorescence decay when formate was added to the assay, while in the other treatments, the 
fluorescence decay was similar to the fluorescence decay with no addition. This phenomenon 
Figure 3.9. Room temperature fluorescence decay assays with bicarbonate and/or formate additions. 
Fluorescence emissions are measured following a single turnover actinic flash. The strains are: control 
(A, filled black symbols), E244A (B, empty black symbols), Y246A (C, filled blue symbols), 
E244A:Y246A (D, empty blue symbols). Dark-adapted cells were treated 3 min prior to measurement 
with: no treatment (circles); 15 mM bicarbonate (squares); 25 mM formate (triangles); 15 mM 








has been previously observed (Robinson et al., 1984) and is accredited to slower QA
- to QB 
electron transfer when the formate has replaced the bicarbonate, while the addition of 
exogenous bicarbonate has no effect as there are no unbound NHI binding sites to re-populate 
in the dark-adapted control. Conversely, in all of the strains, the addition of bicarbonate 
and/or formate has no effect on the fluorescence decay. This suggests that the mutations have 
disrupted the bicarbonate environment irreversibly. This could be caused by increased 
bicarbonate binding strength in the mutant strains, so that formate is unable to displace it, or 
decreased bicarbonate binding strength, so that bicarbonate dissociates, and the addition of 15 
mM of bicarbonate is unable to induce re-ligation of the bicarbonate ligand to the NHI. 
Alternatively, the mutations may have perturbed the acceptor side of PS II to such an extent 
that the binding/dissociation of the bicarbonate ligand no longer has an effect on the rate of 
fluorescence decay in the mutants. 
As discussed in section 1.5.2, the bicarbonate has been postulated to donate a proton 
to D1:His-215 following protonation of QB
2-(H+) to QBH2, by D1:His-215. If this is the case, 
then the bicarbonate is required for turnover of the ‘two-electron gate’. Turnover of the ‘two-
electron gate’ can be investigated with 3 flash fluorescence decay assays. In the wild type, the 
excitation of fully oxidised PS II centres by three actinic flashes results in the double 
reduction of QB to QBH2 by the first two flashes, followed by the dissociation of QBH2 and the 
binding of a new QB, and finally the single reduction of the new QB to QB
- by the third flash 
(this can be complicated by the presence of partially reduced QB
- in a fraction of dark adapted 
PS II centres). If turnover of the ‘two-electron gate’ is slowed i.e. if there is slowed QB
2-(H+) 
protonation in the absence of bicarbonate, then QB/QBH2 exchange at the QB-binding site will 
be slowed. This will result in slowed fluorescence decay after the third flash, as QA
- to QB -
electron transfer cannot proceed until QB exchange is complete. Consequently, 3 flash 




bicarbonate and/or formate to investigate the turnover of the ‘two electron gate’ in the 
mutants, and the influence of bicarbonate binding on ‘two electron gate’ turnover (Figure 
3.9). The actinic flashes are spaced 250 ms apart, therefore if QB exchange takes longer than 
250 ms, then the rate of fluorescence decay will be slowed. 
 
Figure 3.10. Room temperature fluorescence decay assays following three saturating actinic flashes. 
The strains are: control (A, full black symbols), E244A (B, empty black symbols), Y246A (C, full blue 
symbols), E244A:Y246A (D, empty blue symbols). Dark-adapted cells were treated 3 min prior to 
measurement with: no treatment (circles); 15 mM bicarbonate (squares); 25 mM formate (triangles); 15 
mM bicarbonate and 25 mM formate (diamonds).  An example of fluorescence decay repeats is shown 





 The fluorescence decay of untreated control cells following 3 flashes was similar to 
the fluorescence decay following 1 flash, indicating effective turnover of the two electron 
gate (Figure 3.10A). The addition of bicarbonate did not affect the fluorescence decay, 
however, the inhibited fluorescence decay in formate treated cells was more pronounced in 
the 3 flash assay than the 1 flash assay. This indicates that formate is able to slow turnover of 
the ‘two electron gate’, supporting the hypothesis of Sedoud et al. (2011), that the protonation 
of anionic D1:His-215 by the bicarbonate is required for efficient QB exchange. The E244A 
strain showed no change between the 3rd flash and 1st flash fluorescence decay assays and 
was invariant upon addition of either bicarbonate or formate (Figure 3.10B). The Y246A 
strain showed a similar rate of fluorescence decay in the 1st and 3rd flash assays. However, 
the addition of bicarbonate resulted in a slight acceleration of the fluorescence decay, while 
the addition of formate caused a slight inhibition. This result suggests that some Y246A 
centres do not have a bicarbonate bound, and the addition of 15 mM bicarbonate is able to 
repopulate the NHI binding site, facilitating QB/QBH2 exchange. Alternatively, the formate 
removes any remaining bicarbonate slowing QB/QBH2 exchange. However, the small changes 
in the rate of fluorescence decay caused by the addition of bicarbonate and/or formate 
indicate that the binding state of the bicarbonate is only a minor contributor to the slowed 
fluorescence decay and that the slowed fluorescence decay is predominantly caused by 
slowed QA
- to QB electron transfer, not QB/QBH2 exchange. The E244A:Y246A mutant is 
unchanged in the 1st and 3rd flash assays; however, when bicarbonate or bicarbonate and 
formate is added to the 3 flash assay, an inhibitory effect is observed on fluorescence decay. 
It is currently unknown how bicarbonate causes further inhibition of the E244A:Y246A 
mutant fluorescence decay after 3 flashes. Overall, the fluorescence decay assays indicate that 
the mutations have caused major disruptions to the acceptor side, dramatically slowing QA
- to 




masked by the slowed acceptor side electron transfer rate. To determine the effect that 
bicarbonate and formate additions have on the mutant strains during multiple turnovers, 
oxygen evolution assays were performed. Fifteen mM bicarbonate and/or 25 mM formate 



































Figure 3.11. Oxygen evolution assays with bicarbonate and formate additions. Strains shown are control 
(A), E244A (B), Y246A (C) and E244A:Y246A (D). The cells were treated with: 200 µM DMBQ + 1 
mM K3Fe(CN)6 (solid black line),  200 µM DMBQ + 1 mM K3Fe(CN)6 + 15 mM bicarbonate (dashed 
black line), 200 µM DMBQ + 1 mM K3Fe(CN)6 + 25 mM formate (solid blue line), 200 µM DMBQ + 
1 mM K3Fe(CN)6 + 15 mM bicarbonate + 25 mM formate (dashed blue line). Treatments were added 
90 s before the light was switched on. All cells were at a chlorophyll a concentration of 5 µg.mL-1. An 
example of oxygen evolution repeats is shown in Appendix VI. 
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 For the control, the addition of bicarbonate or bicarbonate and formate causes an 
elevated rate of oxygen evolution, while the addition of formate alone resulted in a reduced 
rate of oxygen evolution. These results support the theory that in high light, long lived QA
- 
species cause the bicarbonate to dissociate, shifting PS II into a photoprotective state with 
lower rates of oxygen evolution (Brinkert et al., 2016). The addition of bicarbonate to the 
assay, prevents bicarbonate dissociation, confining PS II to its high-rate, high-damage state, 
while the addition of formate ensures rapid bicarbonate dissociation lowering the rate of 
oxygen evolution. The distinctive concave curve in the oxygen trace of the formate-treated 
control strain indicates photoinhibition. I have hypothesised that the putative damage 
limitation mechanism which occurs when bicarbonate dissociates (i.e. QA
- redox midpoint 
potential shifts to prevent 3[P680+Pheo-] formation) is not activated when formate is bound to 
the NHI, while oxygen evolution is slowed due to inhibited QB/QBH2 exchange when formate 
replaces bicarbonate. However, more evidence is required to confirm this hypothesis. The 
addition of bicarbonate or formate causes an increased rate of oxygen evolution in the E244A 
strain, while the addition of both appeared to have an additive effect, resulting in substantially 
increased rates of E244A oxygen evolution. Both the Y246A and E244A:Y246A strains 
displayed an increased rate of oxygen evolution in the presence of bicarbonate or bicarbonate 
and formate, while the addition of formate appeared to have no effect (Figure 3.10). The 
insensitivity of the Y246A and E244A:Y246A strains to formate indicates that the 
bicarbonate is likely to have completely dissociated in these strains, and therefore, the 
addition of formate results in no further inhibition. A possible explanation for the formate 
induced oxygen evolution rate in the E244A strain is discussed in section 3.6.1. In the oxygen 
evolution assays all of the mutants displayed sensitivity to bicarbonate (and formate in some 
cases). This was not observed in the fluorescence decay data. This disparity can be explained 




separation reactions, while fluorescence decay assays only deal with 1 (or 3) charge 
separation reactions in a dark-adapted system. Furthermore, photodamage and 
photoprotective mechanisms can affect the rate of oxygen evolution, while these factors are 
not relevant in the fluorescence decay assays. Consequently, the sensitivity of the mutants to 
bicarbonate and/or formate in the oxygen evolution but not the fluorescence decay suggests 
















3.4 High-light sensitivity 
 To investigate the effect of the mutations on high light tolerance in the mutant strains, 
a high light growth curve was performed to assess the ability of the mutant strains to grow 
under high light conditions.  
 
 
Figure 3.12. High light growth curve and rates of oxygen evolution over a high/low light time course. 
(A) Photoautotrophic growth curve in high light (200 µE m-2 s-1) determined by light scattering at 730 
nm.  An example of growth curve repeats is shown in Appendix VI. (B) Time course of oxygen 
evolution rates for control (filled black symbols), E244A (empty black symbols), Y246A (filled blue 
symbols), E244A:Y246A (empty blue symbols) during a 60 min high light (1500 µE m-2 s-1) period and 
80 min recovery period (30 µE m-2 s-1). Oxygen evolution rates were normalised to the T=0 point for 
cells treated with 200 µM DMBQ and 1 mM K3Fe(CN)6. Error bars in panels A and B represent the 
standard error from at least 3 independent experiments. Cells were measured at 5 µg.mL-1. An example 
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The E244A strain was able to grow at a similar rate to the control in high light 
condition, while the Y246A and E244A:Y246A were unable to grow at all (Figure 3.12A). 










The doubling time was lower for the E244A mutant (36 h), than the control (27 h) 
while the Y246A and E244A:Y246A strains did not grow at all. These results indicate slight 
high light sensitivity in the E244A mutant, while the Y246A and E244A:Y246A mutants 
exhibit major sensitivity to high light.  
To observe this high light sensitivity on a smaller timescale, each strain was subjected 
to high light conditions (1500 µE.m-2.s-1) for 60 min, before, returning to low light to recover 
for 80 min. Oxygen evolution was measured in the presence of DMBQ every 20 min during 
this high/low light time course to determine PS II activity at each time point. During the high 
light treatment the control strain dropped to 80% of its initial rate; however, after returning to 
low light conditions, the rate of oxygen evolution in the control strain increased to 116% of 
the initial rate. This can be explained by upregulated PS II biosynthesis during the high light 
Table 3.4. Doubling times were estimates from the logarithmic phase (12 h- 48 
h) of the high light photoautotrophic growth curves.  The method for the 
estimation of doubling times is shown in Appendix VI. 
Strain Light Intensity Doubling time (h) 
Control High light 27 
E244A High light 36 
Y246A High light n/a 




treatment to compensate for the increased rate of PS II damage. When the light intensity 
drops, the upregulated PS II biosynthesis causes the oxygen evolution rate to 
overcompensate, exceeding the initial rate. In contrast, the E244A strain was able to maintain 
PS II activity during high light, and actually showed an acceleration in the rate of oxygen 
evolution during the high light treatment. This suggests that the E244A mutant is able to 
tolerate high light better than the control. The Y246A strain rapidly lost PS II activity in high 
light conditions, dropping to 24% of its initial rate after 60 min of high light. However, the 
Y246A strain was able to rapidly recover during the low light recovery period, eventually 
exceeding its initial rate. The E244A:Y246A strain showed a similar level of photoinhibition 
to the Y246A strain; dropping to 37%  of its initial rate during the high light treatment, 
although, the E244A:Y246A strain was unable to fully recover to its initial rate during the 
recovery period, eventually reaching 60% of its initial rate after the 80 min recovery period. 
It is important to note that the error is higher when calculating the percentage change in 
oxygen evolution for the Y246A and E244A:Y246A strain as their initial rates of oxygen 
evolution are very low (Figure 3.3). 
To determine whether the results observed in Figure 3.12B were due to changes in the 
rate of repair, or changes to the rate of damage, photoinhibition time courses were performed 
with the addition of lincomycin. Lincomycin is an antibiotic capable of preventing protein 
synthesis by binding and inhibiting the 50S subunit of bacterial ribosomes. Consequently, 
lincomycin addition can prevent protein repair/biosynthesis. This allows the rate of damage 






When lincomycin was added at the start of the high light treatment, the rate of oxygen 
evolution fell more slowly in the E244A strain than the control, while the rate of oxygen 
evolution in the Y246A strain dropped more rapidly than the control (Figure 3.13A). This 
indicates that in high light conditions the rate of damage is slower in the E244A strain, while 
the rate of damage is accelerated in the Y246A strain. Lincomycin was also added after the 
high light treatment (Figure 3.13B). This provides information about the acceleration of 
Figure 3.13. High/low light time course with the addition of lincomycin. Time course of oxygen 
evolution rates for: control (filled black symbols), E244A (empty black symbols), Y246A (filled blue 
symbols) during a 60 min high light (1500 µE m-2 s-1) period and 80 min recovery period (30 µE m-2 s-
1). Lincomycin was added at a concentration of 500 µg.mL-1  before the high light treatment (T=0) (A) 
or after the high light treatment (T=60) (B). Oxygen evolution rates were normalised to the T=0 point 
for cells treated with 200 µM DMBQ and 1 mM K3Fe(CN)6. Error bars in panels A and B represent the 
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oxygen evolution following the high light treatment. If the recovery is due to PS II 
biosynthesis or PS II repair, then the lincomycin will prevent the post-high light recovery, 
however, if the recovery is due to re-binding of bicarbonate, or other non-protein synthesis 
dependent mechanisms i.e. dissociation of high light inducible quenching proteins, then the 
post high-light recovery will be unaffected by the lincomycin. When lincomycin is added 
immediately after the high light treatment (Figure 3.13B), the rate of oxygen remains at a 
constant level for all of the strains for the remainder of the low light recovery period. This 
shows that the post-high light recovery is protein synthesis dependent, indicating that the loss 
of PS II activity during high light is due to PS II damage, and not caused by reversible 
photoprotection mechanisms. The E244A:Y246A double mutant was omitted from the 
lincomycin time course experiment due to a sudden loss of PS II function in this strain, as 
discussed in the following section. 
 
3.5 Loss of psbA2 expression in the Y246A and E244A:Y246A strains  
During the course of this study the phenotype of the Y246A and E244A:Y246A 
mutant strains suddenly changed. At different times both strains suddenly lost the ability to 
grow photoautotrophically (data not shown). The Y246A strain displaying this new 
phenotype was renamed Y246Asup and the E244A:Y246A strain displaying this new 
phenotype was renamed E244A:Y246Asup. This non-simultaneous loss of function was 





Fluorescence decay measurements for the Y246Asup and E244A:Y246Asup strains 
showed a complete loss of variable fluorescence. This is consistent with strains that have no 
active PS II centres.  The low-temperature fluorescence spectra of cells excited with 440 nm 
light showed a loss of the 695 nm peak in both the Y246Asup and E244A:Y246Asup strains 
with a concomitant increase in the 685 nm peak (Figure 3.14B). This indicates a loss of 
assembled PS II centres and the accumulation of PS II pre-complexes in these strains. This is 
supported by the low-temperature fluorescence spectra at 580 nm excitation which displayed 
a greatly increased peak at 695 nm for the Y246Asup and E244A:Y246Asup strains compared 
to the original Y246A and E244A:Y246A strains (Figure 3.14C). This indicates a large 
Figure 3.14. Y246Asup and E244A:Y246Asup physiological characterization. Comparison of 
E244A:Y246A (full black circles or black line), Y246A (full blue circles or blue line), 
E244A:Y246Asup (empty black circles or dashed black line) and Y246Asup (empty blue circles or 
dashed blue line). (A) Variable chlorophyll fluorescence relaxation following a single turnover actinic 
flash. (B) Low temperature fluorescence emission spectra after excitation at 440 nm. Normalised to the 
730 nm (PS I) peak. (C) Low temperature fluorescence emission spectra after excitation at 580 nm. 
Normalised to the 730 nm (PS I) peak. An example of the fluorescence decay and low temperature 
emission repeats is shown in Appendix VI. 















































































degree of phycobilisome uncoupling in these strains, again supporting the hypothesis that the 
Y246Asup and E244A:Y246Asup strains are incapable of assembling PS II.  
The genomes of the Y246Asup and E244A:Y246Asup strains were sequenced to 
determine the cause of this loss of function. The sequencing results revealed that a single 
nucleotide polymorphism in the psbA2 gene (D1 encoding gene) of Y246A resulted in the 
mutation of the codon for Leu-91 in the psbA2 gene to a stop codon. As the D1 protein is 360 
amino acids long, a truncation at the 91st amino acid will clearly prevent the D1 protein from 
functioning. Likewise, sequencing of the E244A:Y246Asup genome revealed an 8 bp insertion 










The inability of the Y246Asup and E244A:Y246Asup strains to form functional PS II 
centres suggests a positive selection pressure for the loss of the mutated psbA2 gene. This is 
supported by the fact that the two stains found different ways to prevent D1 formation non-
simultaneously. The large flux through the back reaction may result in production of ROS in 
these strains. Consequently, this may cause the strong selection pressure of mutants which do 
not form D1, and therefore do not generate ROS. As the strains are grown on glucose the 
complete loss of PS II function is not terminal. It is interesting that both the Y246Asup and 
psbA2 
AA: 1 AA: 360 AA: 91 AA: 234 
8 base pair 
insertion 
GAA = Glu TAC = Tyr 
GCA = Ala GCC = Ala 
Wild type 
E244A:Y246ASup 
TTG = Leu 
TAG = Stop 
Wild type 
Y246ASup 
Figure 3.15. Summary of the genome sequencing results from the Y246Asup and E244A:Y246Asup 
strains. Differences between the wild type psbA2 gene and the mutant strains are highlighted in red. 
Nucleotide and amino acid changes are labelled above/beneath the DNA sequences. AA = amino acid 





E244A:Y246Asup strains developed mutations in the psbA2 gene when a terminal mutation in 
any of the essential PS II genes would presumably provide the same benefit to the strain by 
preventing ROS formation. It may be a coincidence that both strains developed mutations in 
the exact gene which contained the offending mutation, alternatively, this result may indicate 
a specific mechanism, whereby Synechocystis 6803 is capable of recognising detrimental 
genes, and introducing deleterious mutations. 
 
3.6 Discussion 
3.6.1 The E244A mutant 
 The mutation of D1:Glu-244 to alanine slowed photoautotrophic growth in the 
E244A strain (Figure 3.2A). This was not due to an inability to assemble PS II centres 
(Figure 3.2C), instead the reduced growth rate of the E244A strain appears to be due to 
reduced PS II activity in the E244A strain, as observed in the oxygen evolution assay (Figure 
3.3). The reduced oxygen evolution rate is observed despite an elevated PS II:PS I ratio 
(Figure 3.4), relative to the control. It has been demonstrated in plant cells that the 
transcription of PS I genes can be affected by the redox state of the plastoquinone pool 
(Tullberg et al., 2000). Therefore, it can be hypothesised that the increased PS II:PS I ratio is 
caused by inefficient reduction of the plastoquinone pool by PS II centres in the E244A 
strain, resulting in an elevated PS II:PS I ratio to compensate for the relatively oxidised state 
of the plastoquinone pool. If this hypothesis is accurate, then the 440 nm low temperature 
fluorescence spectra would predict similar levels of PS II activity in the E244A and Y246A 
strains, and lower PS II activity in the E244A:Y246A strain. Contrastingly, the oxygen 
evolution results (Figure 3.3) show that the Y246A and E244A:Y246A strains evolve oxygen 




DMBQ accelerates variable fluorescence decay in the E244A strain (Appendix VII). As 
plastoquinone binding is severely inhibited in the E244A strain, this acceleration is likely due 
to DMBQ accessing the QB binding site more easily than the natural plastoquinone in the 
E244A strain, as DMBQ lacks the long isoprenoid tail of the natural plastoquinone. This 
hypothesis is supported by the fluorescence decay kinetics which show a 3-fold decrease in 
the intermediate phase half-time in DMBQ-treated E244A cells in comparison to untreated 
E244A cells (Appendix VII). Consequently, the presence of DMBQ in oxygen evolution 
assays will presumably cause PS II activity to increase in the E244A strain, but not the 
Y246A strain, which is not primarily limited by QB binding. DMBQ also appears to 
accelerate PS II activity in the E244A:Y246A strain (Appendix VII); however, it is less clear 
in the double mutant how DMBQ accelerates fluorescence decay, this will be discussed 
further in section 3.6.3. The specific acceleration of PS II activity in the E244A and 
E244A:Y246A strains in the presence of DMBQ, but not the Y246A strain explains the 
disparity between the oxygen evolution rates and the PS II:PS I ratios. Therefore, the E244A 
and Y246A strains are hypothesised to have similar levels of PS II activity, which are higher 
than the E244A:Y246A strain. 
This reduced PSII activity in the E244A strain appears to be primarily due to inhibited 
QB binding, as demonstrated by the 14-fold increase of the intermediate phase half-time, 
during variable fluorescence decay (Table 3.2), indicating severely inhibited QB binding in 
the E244A strain. The D1:Glu-244 residue is approximately 10 Å from QB (Umena et al., 
2011), and is therefore unlikely to directly influence QB binding. Consequently, it appears 
that the inhibited QB binding is due to disruption of the bicarbonate environment. It has been 
hypothesised that QB
2-(H+) is protonated by the D1:His-215 residue, and the bicarbonate 
ligand subsequently donates a proton to neutralise the anionic D1:His-215 residue (Eaton-




have provided evidence suggesting QB/QBH2 exchange is inhibited if the anionic D1:His-215 
residue is not neutralised i.e. if there is a formate ligated to the NHI instead of a bicarbonate. 
This result is supported by the fluorescence decay kinetics of formate-treated control cells 
which shows a disproportionately large increase in the intermediate phase half-time when PS 
II is excited with 3 flashes instead of 1 flash (section 4.3). The observation that the binding of 
formate slows exchange at the QB-binding site, suggests that, firstly, a neutral D1:His-215 
residue is required for efficient QB binding/release, and, secondly, that proton transfer can 
occur between the bicarbonate and D1:His-215. Consequently, if the mutation of D1:Glu-244 
to alanine disrupts the bicarbonate environment such that the D1:His-215 residue becomes 
charged, then this may explain the slowed plastoquinone binding in the E244A strain. One 
potential mechanism for formation of a charged D1:His-215 residue in the E244A strain is if 
a proton moves from the neutral D1:His-215 residue to a carbonate ligand bound to the NHI. 
Previous literature has hypothesised that a carbonate ligand to the NHI could be stabilised by 
interactions with the D2:Lys-264 residue (Cox et al., 2009). In the control strain, an 
interaction between the bicarbonate/carbonate ligand and the D2:Lys-264 residue is 
prevented, due to an ion pair forming between D1:Glu-244 and D2:Lys-264 residue (Kern et 
al., 2018). However, in the E244A strain, the mutation of the D1:Glu-244 residue eliminates 


















As proton transfer between the bicarbonate ligand and the D1:His-215 residue has 
already been postulated (Saito et al., 2013), then the ligation of a doubly-negative carbonate 
to the NHI may result in the donation of a proton from D1:His-215 to the carbonate ligand, 
forming bicarbonate, and an anionic D1:His-215 residue. 
The addition of 15 mM bicarbonate and/or 25 mM formate did not affect the rate of 
variable fluorescence decay in the E244A strain, after 1 or 3 flashes (Figures 3.8 and 3.9), or 
the fluorescence induction curve (Appendix VIII). However, the addition of either 
bicarbonate or formate was able to accelerate the rate of oxygen evolution in the E244A 
strain (Figure 3.10). This suggests that in the E244A strain the binding constant of the 
Figure 3.16. Diagram of the bicarbonate binding site. Image generated from PDB 4UB6. The non-
heme iron is shown as an orange ball. The QA and QB quinones are shown in yellow and green, 
respectively. D1 residues are shown in blue, D2 residues are shown in red. The D1:Glu244 and 
D1:Tyr246 residues are emphasized in darker blue. The water molecules are shown as red spheres and 
the oxygen atoms in the amino acids, quinones and bicarbonate are also shown in red. Nitrogen atoms 
are shown in dark blue. The putative hydrogen bonds are shown with faint black dotted lines. The 
bold black dotted line indicates the ionic attraction between D1:E244A and D2:K264. Black dotted 
arrows indicate a putative interaction between D2:K264 and the bicarbonate ligand to the non-heme 
iron. The red dotted arrow indicates the putative movement of the D2:K264 residue in the absence of 





bicarbonate/carbonate ligand has increased, consequently, in fluorescence decay assays, 25 
mM formate is unable to displace the bicarbonate/carbonate ligand. However, during the high 
light conditions of the oxygen evolution assay, the bicarbonate/carbonate ligand is able to 
dissociate. As discussed in chapter 3, the dissociation of the bicarbonate ligand in the control 
strain is hypothesised to dampen PS II activity, by shifting the redox potential of the QA/QA
- 
couple, adjusting the equilibrium to encourage localisation of the electron on QA
-, and by 
preventing protonation of QB
2-(H+) by the bicarbonate. In the E244A strain, the binding of 
bicarbonate or formate appears to accelerate PS II activity equally. Formate is able to bind to 
the NHI and therefore, binding of formate could feasibly reverse the redox shift of the QA/QA
- 
couple, accelerating the transfer of electrons from QA
- to DMBQ in the oxygen evolution 
assay. However, formate lacks a proton-donating group, and as a result is unable to protonate 
DMBQ. Therefore as formate and bicarbonate appear to increase PS II activity equally in the 
oxygen evolution assay, it can be inferred that bicarbonate is also unable to protonate DMBQ. 
This suggests that in the E244A strain the hydrogen bonding network connecting the 
bicarbonate to the cytosol is disrupted and as a result bicarbonate cannot sustainably 
protonate DMBQ, as the re-protonation of the bicarbonate by a proton transferred from the 
cytosol via the hydrogen bonding network is prevented. The disruption of the hydrogen 
bonding network is plausible in the E244A strain as in addition to the replacement of the 
charged glutamic acid residue with an uncharged alanine residue, the D1:Glu-244 residue 
appears to hydrogen bond with two water molecules which also appear to participate in the 
hydrogen bonding network (water 582 and 622; Suga et al., 2015; PDB: 4UB6). 
Consequently, the substitution of the D1:Glu-244 may further disrupt the hydrogen bonding 
network by altering the position of these two waters. It is worth noting that the 
bicarbonate/formate induced acceleration of the E244A strain will be particularly prominent 




E244A strain displays accelerated two-electron gate turnover when DMBQ is used as the 
electron acceptor, therefore, turnover of the two-electron gate is less likely to be rate limiting 
when DMBQ is present, causing acceleration of electron transfer to have a greater effect on 
the overall rate. As formate and bicarbonate are both able to accelerate PS II activity in the 
E244A strain, then the addition of bicarbonate and formate would have an additive effect on 
PS II activity, as observed in the oxygen evolution assay (Figure 3.10) 
Interestingly, despite the altered binding of QB in the E244A strain, the 1 and 3 flash 
fluorescence decay assays (Figures 3.8 and 3.9) displayed similar rates of variable 
fluorescence decay, suggesting that turnover of the ‘two electron gate’ is not inhibited in the 
E244A strain. This may be due to the 250 ms interval between actinic flashes. As discussed 
in section 3.2.4, the intermediate phase of fluorescence decay represents centres which must 
first bind QB, then transfer the electron from QA
- to the newly bound QB. The intermediate 
phase of the E244A strain has a half-time of approximately 74 ms (Table 3.2), indicating that 
every 74 ms half of the E244A centres with a vacant QB site are able to bind QB. 
Consequently, in the 250 ms interval between the second and third flash, approximately 90% 
of E244A centres will be able to exchange QB, resulting in effective turnover of the ‘two 
electron gate’ in approximately 90% of E244A centres. 
The E244A strain demonstrates increased tolerance to high light (Figure 3.11), 
displaying lower rates of photodamage in the presence of lincomycin (Figure 3.12). The 
thermoluminescence assays indicated that the QA
- redox midpoint potential is more positive 
in the E244A strain than in the control (Figure 3.7), The stabilised QA
- species in the E244A 
strain increases the energy gap between Pheo and QA
- reducing formation of 3[P680+Pheo-] 
(Figure 3.17). As discussed in section 1.4.2, the decay of 3[P680+Pheo-] generating singlet 
oxygen is a major source of ROS in PS II. Therefore, the stabilised QA
- may reduce the rate 
of QA













While in the wild type, bicarbonate dissociation is hypothesised to allow PS II centres 
to switch to a low-damage, low-productivity state in conditions which produce long lived QA
-
; the E244A strain appears to be constantly in a low damage, low-productivity state due to the 
lowering of the QA
- redox midpoint potential. 
 
3.6.2 The Y246A mutant 
The mutation of D1:Tyr-246 to alanine severely slows photoautotrophic growth in the 
Y246A strain (Figure 3.2A), although, as for the E244A strain, this is not due to an inability 
to form PS II centres (Figure 3.2C). The Y246A mutant appears to have dramatically reduced 
PS II activity, as demonstrated by the severely reduced rate of oxygen evolution (Figure 3.3). 
Furthermore, the Y246A strain displays an increased PS II:PS I ratio (Figure 3.4A). As 
suggested for the E244A strain this shift in the PS II:PS I ratio is likely due to upregulation of 
PS II biosynthesis to compensate for a relatively oxidised plastoquinone pool. The primary 
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Figure 3.17. Proposed energy diagram of the Photosystem II redox co-factors for the Control and 
E244A strains. Blue cofactor energy levels indicate a difference to the Control strain. The red line 
indicates the recombination route which leads to ROS. The thickness of the red line represents the 




source of inhibition in the Y246A strain appears to be a dramatic shift in the equilibrium 
between QA
-QB and QAQB
-, favouring localisation of the electron on QA
-. This is 
demonstrated in the fluorescence decay kinetics of Y246A, where more than 50% of Y246A 
centres decay via the back reaction. As the thermoluminescence assays do not indicate a 
change in the redox midpoint potential of QA/QA
- in the Y246A strain (Figure 3.7), then the 
shift in equilibrium is likely due to destabilisation of QB
-. Quantum mechanical/ molecular 
mechanical calculations of the iron-quinone acceptor complex, indicated movement of the 
head groups of the D1:Tyr-246 and D2:Tyr244 residues in response to actinic flashes (Saito 
et al., 2013). It was subsequently hypothesised that movement of the  D1:Tyr-246 and 
D2:Tyr244 headgroups plays a role in the stabilisation of QA
- and QB
- facilitating efficient 
electron transport (Saito el al., 2013). As D1:Tyr-246 is proximal to QB, the removal of this 
residue may destabilise QB
-, resulting in rapid electron transfer from QB






Following a single actinic flash, the rate of variable fluorescence decay in the Y246A 
strain appears to be insensitive to bicarbonate and/or formate additions (Figure 3.8). 
However, following 3 actinic flashes, the Y246A strain displays a minor response to 
bicarbonate and/or formate additions, with the addition of bicarbonate or bicarbonate and 
formate causing a slight acceleration of the fluorescence decay, and the addition of formate 
causing a slight deceleration of the fluorescence decay (Figure 3.9). This suggests that in the 
Y246A strain, the removal of the bicarbonate ligand slows turnover of the ‘two-electron gate’ 
reducing the rate of fluorescence decay. Although due to the severe inhibition of the 
Figure 3.18. Diagram of the bicarbonate binding site. Image generated from PDB 4UB6. The non-
heme iron is shown as an orange ball. The QA and QB quinones are shown in yellow and green, 
respectively. D1 residues are shown in blue, D2 residues are shown in red. The D1:Glu244 and 
D1:Tyr246 residues are emphasized in darker blue. The water molecules are shown as red spheres and 
the oxygen atoms in the amino acids, quinones and bicarbonate are also shown in red. Nitrogen atoms 
are shown in dark blue. The red ‘H+’ shows the proton bound head-group of the D1:Y246 residue, with 
a black dotted line showing the influence of the positive charge on QB. The solid black arrow and 
dotted black arrows indicate electron transfer from QA- to QB, and QB- to QA, respectively. The relative 
thickness of the arrows represents the equilibrium between the two electron transfer reactions. Diagram 





untreated Y246A strain, the additional inhibition of bicarbonate dissociation is only a minor 
contributor to the slowed fluorescence decay rate. However, the contrasting response of the 
Y246A strain to bicarbonate additions and formate additions indicates that the hydrogen 
bonding network is intact in the Y246A strain. This hypothesis is supported by the oxygen 
evolution assays which display accelerated rates of oxygen evolution when bicarbonate or 
bicarbonate and formate is added, while the addition of formate appears to have little effect 
(Figure 3.10). This suggests that in high light conditions, the presence of long-lived QA
- 
species will facilitate the dissociation of the bicarbonate ligand from all Y246A centres, 
reducing PS II activity. Consequently, the addition of bicarbonate can induce re-ligation of 
the bicarbonate ligand increasing PS II activity, leading to accelerated rates of oxygen 
evolution, while the formate has no effect as the bicarbonate is already dissociated from the 
NHI in Y246A centres. 
The Y246A strain shows sensitivity to high light conditions (Figure 3.11), displaying 
an increased rate of damage in the presence of lincomycin (Figure 3.12). This is presumably 
due to the increased fraction of Y246A centres decaying via the back reaction. As discussed 
above, more than 50% of the Y246A centres decay via the back reaction. Therefore, even if 
bicarbonate dissociation discourages charge recombination via the 3[P680+Pheo-] pathway, 
this charge separated state will inevitably form in a small fraction of centres, due to the large 
flux through the back reaction. This will lead to increased ROS production in the Y246A 
strain, especially in high light conditions, where PS II is operating at its maximum rate 
(Figure 3.19). This increased ROS production in the Y246A strain is presumably what led to 












3.6.3 The E244A:Y246A mutant 
The E244A:Y246A strain grew at a similar rate to the Y246A strain (Figure 3.2A). 
However, the PS II:PS I ratio of the E244A:Y246A strain suggests that the E244A:Y246A 
strain has a lower PS II activity than the Y246A strain. The low temperature results are 
supported by the oxygen evolution assay (Figure 3.4), only if it is assumed that the presence 
of DMBQ preferentially accelerates the oxygen evolution of the E244A:Y246A strain over 
the Y246A strain (Appendix VII). The addition of DMBQ to the E244A:Y246A strain causes 
accelerated fluorescence decay, however, analysis of the decay kinetics indicates that the 
addition of DMBQ increases the half-time of the fast phase. Therefore, the mechanism by 
which DMBQ is able to accelerated PS II activity in the E244A:Y246A strain is currently 
unclear. The variable fluorescence decay of the E244A:Y246A strain is faster than the 
Y246A strain, indicating an increased rate of QA
- to QB electron transfer in the 
E244A:Y246A strain relative to the Y246A strain. Furthermore, E244A:Y246A strain lacks 
the inhibited QB binding exhibited by the E244A strain. This suggests that the combination of 
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Figure 3.19. Proposed energy diagram of the Photosystem II redox co-factors for the Control and 
Y246A strains. Blue cofactor energy levels indicate a difference to the Control strain. The red line 
indicates the recombination route which leads to ROS. The thickness of the red line represents the flux 





the two mutations results in the attenuation of the effects of each of the individual mutations. 
It is currently unclear how this occurs. 
Following a single actinic flash, the fluorescence decay rate of the E244A:Y246A 
strain appears to be insensitive to bicarbonate and/or formate additions. However, following 3 
actinic flashes, the E244A:Y246A strain displays an accelerated fluorescence decay with the 
addition of formate or the addition of bicarbonate and formate. Again, the mechanism for this 
response is currently unclear. Alternatively, the addition of bicarbonate, or bicarbonate and 
formate to the oxygen evolution assays resulted in an increased rate of oxygen evolution in 
the E244A:Y246A strain, while the addition of formate alone has little effect. This suggests 
that despite the presence of the E244A mutation, the hydrogen bonding network is intact in 
the double mutant, as formate is not able to induce the same response as bicarbonate, 
suggesting that in the double mutant, sustainable protonation of DMBQ by bicarbonate is 
required for effective PS II activity. This may be due to the removal of the glutamic acid and 
tyrosine side chains increasing the accessibility of the iron-quinone acceptor complex, 
allowing water molecules to enter, and act as proton donors.  
Despite showing increased rates of QA
- to QB transfer compared to the Y246A strain, 
approximately 43% of E244A:Y246A centres decay via the back reaction. Therefore, the 
observed high light sensitivity in the E244A:Y246A strain is presumably due to the same 




In summary the mutation of the D1:Glu-244 residue to an alanine in the E244A strain 




mutation appears to make the redox midpoint potential of QA
- more positive, the E244A strain 
demonstrates high light tolerance. The mutation of the D1:Tyr-246 residue to an alanine in 
the Y246A strain results is a destabilised QB
- species, causing an increased fraction of Y246A 
centres to decay via the back reaction. This increased flux through the back reaction appears 
to increase ROS production in the Y246A strain, resulting in high light sensitivity. The 
combination of the two mutations in the double mutant generated unexpected phenotypes 
which are not fully understood. As the D1 point mutants in this chapter resulted in a dramatic 
loss of PS II activity, more conservative mutations to the bicarbonate binding site are 





































Chapter 4  
Mutation of hydrogen bonding residues in the peripheral 
bicarbonate environment 
4.1 Introduction  
 The experiments in this chapter investigate the effect of mutating a residue which 
does not appear to directly interact with the bicarbonate ligand, but does participate in the 
bicarbonate environment and the acceptor side hydrogen bonding network. The mutants 
described in the previous chapter displayed greatly slowed PS II function, while showing 
little response to bicarbonate/formate additions. This was presumably because PS II activity 
was so disrupted by the mutations that the removal of bicarbonate caused only minor 
additional effects. Consequently, the mutants described in this chapter were intended to 
disrupt the bicarbonate environment, without causing major disruption to general PS II 
function. It was hoped that this would allow the role of the bicarbonate to be elucidated, 
without the effects of bicarbonate binding/removal being masked by alternate effects of the 
mutations. The mutants in this chapter also participate in the hydrogen bonding network 
surrounding the bicarbonate. Therefore, these mutants may be used to investigate the role that 
this network plays in PS II function. 
 
4.1.2 Choice of mutants 
Analysis of the PS II X-ray-derived crystal structure (Suga et al, 2015; PDB 4UB6), 
showed that the D1:Ser-268 residue is approximately 5 Å from the bicarbonate ligand. This 
makes this residue too distal to directly bind the bicarbonate, however, the D1:Ser-268 




(water 622; Suga et al, 2015; PDB 4UB6). Furthermore, the D1:Ser-268 residue participates 
in the hydrogen bonding network, albeit on the periphery, therefore mutation of this residue 
may cause a minor disruption of this network (Figure 4.1). Consequently, the D1:Ser-268 
residue was mutated to either an alanine or a threonine, generating the S268A and S268T 






















Figure 4.1. Diagram of the bicarbonate binding site. Image generated from PDB 4UB6. The non-heme iron 
is shown as an orange ball. The QA and QB quinones are shown in yellow and green, respectively. D1 
residues are shown in blue, D2 residues are shown in red. The D1:Ser-268 residue is emphasized in darker 
blue. The water molecules are shown as pink spheres and the oxygen atom locations in the amino acids, 
quinones and bicarbonate are also shown in red. Nitrogen atoms are shown in dark blue. The putative 




4.1.3 Chapter outline 
This chapter is divided into three sections, the first section deals with the 
physiological characterisation of the mutants under standard conditions. The second section 
deals with the effects of adding exogenous bicarbonate or formate to the mutant strains. The 
third section deals with the ability of the mutants to tolerate high light conditions. 
The physiological characterisation of these mutants includes photoautotrophic growth 
curves, oxygen evolution assays, low temperature emission spectroscopy and chlorophyll a 
fluorescence induction/decay assays with various additions. 
 
4.2 Steady state physiology 
4.2.1 Photoautotrophic growth curve, oxygen evolution and low temperature 
fluorescence emission spectroscopy 
The rate of physiological growth rate was found to be the same in the S268A and 
S268T strains as it is in the control (Figure 4.2A), suggesting that the rate of photosynthesis is 
unchanged in the mutant strains. This is supported by the similar rates of oxygen evolution in 
the presence of DMBQ (Figure 4.2B), indicating that PS II activity is not affected by the 
mutations. Furthermore, low temperature fluorescence emission spectroscopy shows similar 
spectra for the control and the S268A and S268T strain, indicating that the mutations do not 
























Figure 4.2. Photoautotrophic growth curve, oxygen evolution assay, and low temperature fluorescence 
spectra. (A) Photoautotrophic growth curve determined by light scattering at 730 nm. Control (black 
filled circles), S268A (blue filled circles), S268T (blue empty circles). Error bars represent the 
standard error from at least 3 independent experiments. (B) Oxygen evolution traces for control (black 
solid line), S268A (blue solid line), S268T (blue dashed line). The cells were treated with 200 µM 
DMBQ and 1 mM K3Fe(CN)6  added 90 s before the light was switched on. All cells were measured at 
a chlorophyll a concentration of 5 µg.mL-1. (C) 77 K fluorescence emission spectra at 440 nm 
excitation and (D) 580 nm excitation for control (black solid line), S268A (blue solid line), S268T 
(blue dashed line). 77 K fluorescence spectra (C &D) were measured at a chlorophyll a concentration 
of 2.5 µg.mL-1. Spectra are the average of at least three independent experiments and are normalised to 






4.2.2 Chlorophyll a fluorescence assays 
To determine if the mutations have any effect on acceptor side electron transfer, 










The fluorescence induction assay (Figure 4.3A) showed an elevated O-J rise in the 
S268A mutant along with an attenuated and delayed p-peak. The increased O-J rise indicates 
slowed QA
- oxidation by QB. The attenuated and delayed p-peak also indicates slowed QB 
reduction as the QB pool is not completely reduced before the activation of the Calvin-Benson 
cycle begins to re-oxidise the pool. Alternatively, the S268T mutant shows a similar 











































Figure 4.3. Room temperature fluorescence induction assay. Fluorescence emissions measured during 
illumination of dark-adapted cells with a constant actinic light (455 nm) and measured with blue 
measuring flashes (455 nm). The strains used were the control (full black symbols), S268A (full blue 
symbols), S268T (empty blue symbols). (A) No addition. (B) Addition of 40 µM DCMU. DCMU was 
added 2 min prior to measurement. The cells were measured at a concentration of 2.0 µg.mL-1 




phenotype to the control, indicating no change in acceptor side electron transfer rates. In the 
presence of DCMU, both the S268A and S268T mutants show similar FM levels to the 
control. This indicates that the control and the mutant strains have similar amounts of PS II, 
supporting the 440 nm low temperature fluorescence spectrum (Figure 4.2C). To further 
assess the rates of electron transfer on the acceptor side of PS II, fluorescence decay assays 
















Figure 4.4. Room temperature fluorescence decay assay. Fluorescence emissions measured following 
a single turnover actinic flash illuminating dark-adapted cells. The strains are: control (full black 
symbols), S268A (full blue symbols), S268T (empty blue symbols). Cells were dark adapted for 5 
min before measurement. Cells had no addition (A,B), or 40 µM DCMU (C,D). Fluorescence decay 
traces were plotted as fluorescence – Fo (A,C), or normalised to Fm (B,D). The cells were measured at 
a concentration of 2.0 µg.mL-1 chlorophyll a. An example of fluorescence decay repeats is shown in 
Appendix VI. 
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The FO levels for the control and the mutants appear to be the same for the non-
normalised fluorescence decay (Figure 4.4A). This supports the low temperature fluorescence 
results (Figure 4.2C-D), which show no indication of increased levels of PS II assembly/ 
repair pre-complexes in the mutant strains. The rate of decay also looks very similar in the 
mutants and the control in the non-normalised figure, however, normalisation of the 
fluorescence to each strains respective FM reveals a slower rate of fluorescence decay in the 
S268A mutant, supporting the observed elevation of the O-J rise in the S268A fluorescence 
induction assay (Figure 4.3A). In the presence of DCMU, the S268A strain shows decreased 
variable fluorescence (FM –FO). This drop in variable fluorescence was not observed in the 
fluorescence induction results. It is currently unknown why the S268A strain displays this 
phenotype. In the presence of DCMU, the normalised fluorescence decay appears to be 
slowed in the S268A strain, relative to the control, while the S268T strain shows similar 
decay rates to the control. This suggests QA
- is stabilised in the S268A mutant, leading to 
slower S2QA
- charge recombination. To quantitatively assess the effects of the mutations on 
fluorescence decay, the decay pathways were de-convoluted and the kinetics calculated as 











Table 4.1. Decay kinetics of flash-induced variable fluorescence after a single turnover flash in the 
presence or absence of DCMU. In the absence of DCMU, the total fluorescence is split into 3 kinetic 
components representing the 3 different processes of QA- oxidation. In the presence of DCMU, the 
total fluorescence is split into 2 kinetic components representing the 2 different processes of QA- 
oxidation. The error displayed in the table is the standard error calculated from at least 3 repeats. 
  
Fast Component Intermediate 
Component 
Slow Component 
Strain Treatment Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 




353.0 ± 15.4 64.7 ± 2.1 4.1 ± 0.2 25.6 ± 3.6 7.6 ± 1.7 9.7 ± 1.5 
 
+DCMU 
      
3.9 ± 0.3 4.9 ± 0.3 0.9 ± 0.1 94.0 ± 0.7 
S268A No 
Treatment 
453 ± 25 56.6 ± 0.7 6.6 ± 0.6 33.2 ± 0.6 7.0 ± 1.3 10.2 ± 0.8 
 
+DCMU 
      
6.8 ± 0.7 4.1 ± 1.1 1.6 ± 0.0 90.5 ± 0.9 
S268T No 
Treatment 
366 ± 13 67.6 ± 1.3 4.6 ± 0.4 20.1 ± 0.7 3.0 ± 0.5 12.3 ± 0.8 
 
+DCMU 
      
4.4 ± 0.6 4.1 ± 0.6 0.8 ± 0.0 95.3 ± 0.3 
 
In the absence of DCMU, the S268A strain shows a 29% increase in the fast phase 
half-time compared to the control, along with a 61% increase in the intermediate phase half-
time. Furthermore, the amplitude of the intermediate phase increases from 26% in the control, 
to 33% in the S268A mutant, with a concomitant drop in the fast phase amplitude from 65% 
in the control, to 57% in the S268A mutant. The increased half-times for the fast and 
intermediate phases indicate slowed QA
- to QB electron transfer in the S268A mutant, while 
the proportionally larger increase in the intermediate phase suggests slowed QB binding. 




mutation in the S268A mutant has affected QB binding, as the S268A strain has an increased 
proportion of PS II centres with an empty QB pocket when the actinic flash occurs. The 
location of the D1:Ser-268 residue, proximal to QB, supports this hypothesis. The slow phase 
of the S268A strain displays similar rates and amplitudes as the control. In the absence of 
DCMU, the S268T strain showed no significant differences to the control for the fast and 
intermediate phases, while the half-time of the slow phase is reduced to 40% of the control 
half-time. This would suggest a shift in S268T equilibrium favouring the QA
-QB state, 
facilitating the back reaction. However, additional stabilisation of QA
- in the S268T mutant is 
not observed in the presence of DCMU (Figure 4.4C-D, Table 4.1). Therefore, the apparent 
acceleration of the slow phase decay seen in Table 4.1, may be an artefact of the fluorescence 
decay deconvolution. To test this observation, future experiments could extend the 
fluorescence decay assay duration to 100 s to allow more accurate fitting of the slow 
component of the fluorescence decay curve. Overall the fluorescence decay kinetics indicate 
that the S268T strain has unchanged fluorescence decay kinetics relative to the control. In the 
presence of DCMU, the S268A strain displays increased half-times for both the intermediate 
and slow phase compared to the control. The decreased rate of slow phase decay in the 
presence of DCMU supports the hypothesis that QA
- is stabilised in the S268A strain. In the 
presence of DCMU, the S268T strain shows similar decay kinetics to the control. 
 
4.3 Bicarbonate effect 
Bicarbonate and formate were added to chlorophyll a fluorescence and oxygen 
evolution assays to investigate the impact of the mutations on bicarbonate 
binding/dissociation as described in section 3.3. Exogenous bicarbonate and/or formate was 






















In all of the strains, the fluorescence decay rates in the presence of bicarbonate 
(Figure 4.5B) and bicarbonate + formate (Figure 4.5D), showed no difference to the 
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Figure 4.5 Room temperature fluorescence decay assays with bicarbonate and formate additions. 
Fluorescence emissions are measured following a single saturating actinic flash illuminating dark-
adapted cells. The strains are: control (full black symbols), S268A (full blue symbols), S268T (empty 
blue symbols). Dark-adapted cells were treated 3 min prior to measurement with: no addition (A, 
circles), 15 mM bicarbonate (B, squares), 25 mM formate (C, Triangles), 15mM bicarbonate + 25 
mM formate (D, diamonds). The cells were measured at 2.0 µg. mL-1 chlorophyll a. An example of 




heme iron in the control and the mutant strains, so the addition of bicarbonate has no effect, 
as there are no empty binding sites for the exogenous bicarbonate to re-populate. However, in 
the presence of formate, the rate of fluorescence decay in the S268A strain was slower than 
the control, while the S268T strain also appeared to show slightly slower rates of 
fluorescence decay than the control, although not to the same extent as the S268A mutant 
(Figure 4.5C). This suggests that the mutants are more sensitive to formate than the control. 
This may be due to formate causing bicarbonate dissociation in a higher proportion of centres 
in the mutant than the control, or that the combination of the mutations and the formate 
inhibition have an additive effect. To determine which processes are being affected in the 
formate treatment, the kinetics of the fluorescence decay in the presence of formate were 
calculated and displayed in Table 4.2. 
 
Table 4.2. Decay kinetics of flash-induced variable fluorescence after a single turnover flash in the 
presence of 25 mM formate. The total fluorescence is split into 3 kinetic components representing 
the 3 different processes of QA- oxidation. The error displayed in the table is the standard error 
calculated from at least 3 repeats. 
  
Fast Component Intermediate Component Slow Component 
Strain Treatment Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 
Amplitude   
(%) 
Control Formate 423 ± 18 60.1 ± 2.9 8.6 ± 1.8 26.9 ± 2.2 2.2 ± 0.9 13.0 ± 0.8 
S268A Formate 603 ± 8 41.2 ± 0.9 10.3 ± 0.3 37.7 ± 0.8 1.4 ± 0.1 21.1 ± 0.6 





In the control, the addition of formate results in a 20% increase in the fast phase half-
time, a 109% increase in the intermediate phase half-time, and a 70% decrease in the slow 
phase half time, compared to the kinetics in the absence of formate (Table 4.1 and Table 4.2). 
This is accompanied by a slight decrease in the fast phase amplitude with a concomitant rise 
in the slow phase amplitude. In the S268A strain, the addition of formate results in a 33% 
increase in the fast phase half-time, a 56% increase in the intermediate phase half-time, and 
an 80% decrease in the half-time. However, unlike the control, the addition of formate results 
in significant changes to the amplitudes of the fast and slow phases, with the fast phase 
amplitude dropping from 56% in untreated S268A cells to 41% in the formate treated cells, 
while the slow phase rises from 10% to 21%. The intermediate phase also exhibits a small 
increase in amplitude from 33% to 38%. The addition of formate to the S268T strain results 
in a 15% increase in the fast phase half-time, a 197% increase in the intermediate phase half-
time, and only a 25% reduction in the slow phase half-time. Similar to the control, the 
addition of formate to the S268T mutant causes only minor changes to the amplitudes of the 
different phases, displaying a 4% drop in the fast phase, a 2% increase in the intermediate 
phase and a 2% increase in the slow phase. 
As discussed in section 3.6.1, EPR studies (Sedoud et al., 2011) have suggested that 
the neutralisation of anionic D1:His-215 is required for efficient QBH2 release. Consequently, 
formate induced PS II inhibition is hypothesised to be at least partially due to the inability of 
formate to neutralise anionic D1:His215, inhibiting QBH2 release. In the control strain the 
intermediate phase half-time increases proportionally more than the fast phase. This result 
supports the hypothesis that formate inhibits QB exchange. Therefore, the kinetics of QB 
exchange were probed in the control strain and the mutant strains by measuring the rates of 






















As seen in the single actinic flash fluorescence decay assays, the addition of 
bicarbonate or bicarbonate +formate has little/no effect on the control or the mutant strains. 
However, in the presence of formate the S268A mutant displays dramatically slowed 
fluorescence decay rates following 3 actinic flashes. This suggests that turnover of the two-
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Figure 4.6. Room temperature fluorescence decay following three saturating actinic flashes with 
bicarbonate and formate additions. The strains are: control (full black symbols), S268A (full blue 
symbols), S268T (empty blue symbols). Dark-adapted cells were treated 3 min prior to measurement 
with: no addition (A, circles), 15 mM bicarbonate (B, squares), 25 mM formate (C, Triangles), 15mM 
bicarbonate + 25 mM formate (D, diamonds). The cells were measured at 2.0 µg. mL-1 chlorophyll a. 




showed increased formate sensitivity in the S268A mutant. The excitation of formate-treated 
S268T cells by 3 actinic flashes, appeared to also show slowed fluorescence decay relative to 
the control, however, not to the same extent as the S268A strain. To determine the specific 
effects of the formate inhibition following 3 actinic flashes, the fluorescence decay kinetics 
following three actinic flashes in the presence of formate were calculated and displayed Table 
4.3. 
 
After 3 actinic flashes, the formate-treated S268A strain shows increases in the half-
times for the fast and intermediate phases of 69% and 23%, respectively, compared to the 
control, while the slow phase half-time drops by 47% relative to the control. Furthermore, the 
S268A strain displays a significant shift in the proportions of the various phases, with the 
amplitudes of 19%, 22% and 59%, for the fast, intermediate and slow phases, respectively. 
After 3 actinic flashes, the formate treated S268T strain displays increases in the half-times 
for the fast and intermediate phases of 9% and 34%, respectively, compared to the control, 
Table 4.3. Decay kinetics of flash-induced variable fluorescence after three single turnover flashes in 
the presence of 25 mM formate.  The total fluorescence is split into 3 kinetic components representing 
the 3 different processes of QA- oxidation.  The error displayed in the table is the standard error 
calculated from at least 3 repeats. 
  
Fast Component Intermediate 
Component 
Slow Component 
Strain Treatment Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 
Amplitude   
(%) 
Control Formate 588 ± 20 61.4 ± 3.5 18.1 ± 3.9 17.7 ± 1.2 1.5 ± 0.2 20.9 ± 2.4 
S268A Formate 992 ± 93 18.7 ± 0.4 14.0 ± 1.4 22.1 ± 0.6 0.8 ± 0.0 59.2 ± 0.2 




while the slow phase half time drops by 40% compared to the control. Additionally, the fast 
phase amplitude is 7% lower than in the control, with an equivalent rise in the slow phase 
amplitude. Overall, the 3 flash fluorescence decay kinetics of formate-treated cells indicates 
that the combination of formate and the mutation of D1:Ser-268 to alanine greatly inhibits 
QA
- to QB electron transfer, resulting in the majority of centres decaying via the back reaction 
following 3 actinic flashes. Alternatively, for formate treated S268T cells formate following 3 
actinic flashes, QA
- to QB electron transfer appears to be slowed, but not prevented. In order to 
observe this effect for multiple turnovers, fluorescence induction assays were performed in 

































The fluorescence induction results support the fluorescence decay observation that the 
S268A mutant has inhibited acceptor side electron transfer, while the S268T mutant is similar 
to the control. The fluorescence induction results also show elevated formate sensitivity in the 
S268A strain, as demonstrated by the lack of a p-peak in the formate-treated S268A cells 
(Figure 4.7C), supporting the fluorescence decay kinetics of formate-treated S268A cells 
(Table 4.3), which indicates that in a multi-flash experiment, when formate is present the 


















































































Figure 4.7. Room temperature fluorescence induction assays. Fluorescence emissions are measured 
during illumination of dark-adapted cells with a constant actinic light (455 nm) and measured with 
blue measuring flashes (455 nm). The strains used were: control (full black symbols), S268A ( full 
blue symbols), S268T ( empty blue symbols). Cells were treated 3 min prior to measurement with: (A) 
no treatment (circles),(B) 15 mM bicarbonate (squares),(C) 25 mM formate (triangles),(D) 15 mM 
bicarbonate +25 mM formate (diamonds). The cells were measured at 2.0 µg. mL-1 chlorophyll a. An 




S268A mutant is predominantly decaying via the back reaction, consequently, the QB pool is 
not reduced before activation of the Calvin-Benson cycle. Oxygen evolution assays were also 
performed in the presence and absence of bicarbonate and/or formate to further investigate 

























Figure 4.8. Oxygen evolution assays with bicarbonate and formate additions. Strains measured are 
control (solid black line), S268A (solid blue line) and S268T (dashed blue line). The cells were treated 
with: (A) 200 µM DMBQ + 1 mM K3Fe(CN)6 ,  (B) 200 µM DMBQ + 1 mM K3Fe(CN)6 + 15 mM 
bicarbonate, (C) 200 µM DMBQ + 1 mM K3Fe(CN)6 + 25 mM formate, (D) 200 µM DMBQ + 1 mM 
K3Fe(CN)6 + 15 mM bicarbonate + 25 mM formate. Treatments were added 90 s before the light was 
switched on. All cells were measured at a chlorophyll a concentration of 5 µg.mL-1. An example of 





The oxygen evolution rate support the results of the chlorophyll a fluorescence assays 
showing similar rates for the control, S268A and S268T strains in the presence of bicarbonate 
(Figure 4.8B), and bicarbonate and formate (Figure 4.8D). Furthermore, the in the presence 
of formate the S268A mutant was incapable of evolving oxygen, confirming the sensitivity of 
the S268A mutant to formate. However, the S268T mutant also displayed a sensitivity to 
formate in the oxygen evolution assay (Figure 4.8C), displaying a 70% reduction in the rate 
of oxygen evolution. During the course of the oxygen evolution assays the strains are 
exposed to high light conditions. As the S268T mutant did not display formate sensitivity in 
the chlorophyll a fluorescence assays, even oven multiple turnovers in the fluorescence 
induction assay, this formate sensitivity may be high light specific. This is supported by the 
concave shape of the S268T oxygen evolution trace, which indicates a gradual loss of 
function over time i.e. photodamage. 
 
4.4 High light sensitivity 
To measure the high light sensitivity of the mutants, photodamage timecourses were 



























During high light the oxygen evolution rate of the S268A mutant drops to 
approximately 50% of its initial rate, displaying increased high light sensitivity compared to 
the control. This is similar in the S268T mutant which drops to approximately 65% of its 
initial rate during the high light treatment. Both mutant strains are able to rapidly recover 
back to approximately their initial rate during the low light recovery. 
Figure 4.9. Rate of oxygen evolution over a high/low light time course. Time course of oxygen evolution 
rates for control (filled black symbols), S268A (filled blue symbols), S268T (empty blue symbols) 
during a 60 min high light (1500 µE m-2 s-1) period and 80 min recovery period (30 µE m-2 s-1). Oxygen 
evolution rates were normalised to the T=0 point for cells treated with 200 µM DMBQ and 1 mM 
K3Fe(CN)6. Error bars represent the standard error from at least 3 independent experiments. All cells 





























The mutation of D1:Ser-268 to alanine in the S268A strain did not inhibit 
photoautotrophic growth, photosystem II assembly or oxygen evolution at 30 µE.m-2.s-1 light 
intensity. However, the electron transfer rates on the acceptor side of PS II were slightly 
slowed in the S268A strain. Given the close proximity of the D1:Ser268 residue to the QB 
binding site, the slowed electron transfer may be due to destabilised QB in the S268A strain 
leading to slowed QA
- to QB electron transfer. This hypothesis is supported by the increase in 
the intermediate phase amplitude of the S268A stain relative to the control, suggesting 
inhibited QB binding.  
The S268A strain showed sensitivity to formate. This sensitivity was exacerbated 
when the S268A strain underwent multiple turnovers. As discussed earlier the bicarbonate 
ligand to the non-heme iron is a putative hydrogen donor to the anionic D1:His-215 species 
which is created following proton donation from D1:His-215 to the bicarbonate. The 
neutralisation of D1:His-215 is hypothesised to facilitate QBH2 release. Furthermore, it has 
been postulated that formate inhibits PS II by preventing this neutralisation (Sedoud et al., 
2011). In the absence of the bicarbonate (i.e. in the presence of formate), the hydrogen 
binding network which contains D1:Ser-268 may provide the proton to neutralise D1:His-
215. Consequently, the removal of the bicarbonate and disruption of the hydrogen bonding 
network may greatly slow the neutralisation of D1:His-215 (Figure 4.10). This would explain 
why the fluorescence decay rates for the S268A mutant in the presence of formate were much 
slower after 3 actinic light flashes than 1 flash, as QB exchange is inhibited, preventing 
forward electron transfer after the third flash, forcing the majority of S268A PS II centres to 





Suga et al., 2017 noticed that in X-ray-derived crystallographic structures that the D1 
loop region of Gln-266-Gln-267-Ser268 (NNS loop) moved by 0.8 Å following 2 actinic 
flashes. Suga et al., 2017, suggested that this loop movement may be important for QB 
Figure 4.10. Diagram of the bicarbonate binding site. Image generated from PDB 4UB6. The 
non-heme iron is shown as an orange ball. The QA and QB quinones are shown in yellow and 
green, respectively. D1 residues are shown in blue, D2 residues are shown in red. The D1:S268 
residue is emphasized in darker blue. The water molecules are shown as red spheres and the 
oxygen atoms in the amino acids, quinones and bicarbonate are also shown in red. Nitrogen 
atoms are shown in dark blue. Putative hydrogen bonds are shown as dotted black lines (A) The 
Control strain with bicarbonate bound to the non-heme iron. (B) The Control strain with no 
bicarbonate bound to the non-heme iron. (C) The S268A strain with bicarbonate bound to the 
non-heme iron. (D) The S268A strain with no bicarbonate bound to the non-heme iron. This 




exchange. Consequently the mutation of D1:Ser-268 to alanine may also affect QB exchange 
by affecting the loop dynamics of the NNS loop. 
The S268A mutant displayed high light sensitivity. As discussed in section 1.5.2, the 
bicarbonate ligand is hypothesised to dissociate from the NHI in high light conditions. With 
bicarbonate absent and a disrupted acceptor side hydrogen bonding network, the S268A 
strain will be unable to sustain  QA
- to QB electron transfer, as observed in the formate treated 
S268A cells. This will lead to long lived QA
- species, particularly if QA
- is stabilised in the 
S268A strain as indicated by the reduced rate of fluorescence decay in DCMU-treated S268A 
cells. Extended QA
- lifetime increases the probability of decay via the 3[P680+Pheo-] charge 
recombination pathway. Additionally, long lived QA
-can generate ROS by directly reducing 
O2 to O2
- (Pospisil, 2016). Alternatively, the increased high light sensitivity may be due to 
disruption of the bicarbonate environment, reducing the effectiveness of the bicarbonate-
mediated ROS limitation. 
4.5.2 S268T 
The mutation of D1:Ser-268 to threonine in the S268T strain did not appear to affect 
PS II activity. In most situations the S268T strain behaved like the control strain. However, 
following 3 flashes, the S268T strain in the presence of formate displayed longer half-times 
for the fast and especially the intermediate component. This supports the hypothesis that in 
the absence of bicarbonate the D1:Ser-268 residue is involved in proton donation. As the 
substituted threonine residue is still capable of proton donation, QB(H)
- protonation is not 
prevented as in the S268A strain, however, the altered side chain likely has a slowing effect 
on the proton donation, extending the decay half-times. 
The S268T mutant also displays a minor high light sensitivity. As discussed for the 
S268A strain, the high light sensitivity is likely to be due to extended QA




S268T strain following bicarbonate dissociation in high light conditions. However, as QA
- to 
QB transfer is slowed, but not prevented, then the QA
- lifetimes will be shorter in the S268T 
strain compared to the S268A strain, causing the S268T strain to be more tolerant to high 
light than the S268A strain. 
4.5.3 Conclusion 
Overall it appears that the D1:Ser-268 mutant plays a role in QB exchange. This 
appears to be neutralisation of the D1:His215 residue, when bicarbonate is absent. This 
provides evidence supporting the hypothesis that the hydrogen bonding network and 
bicarbonate is required for sustainable protonation of QB
2-(H+) (Berthomieu and Hienerwadel, 




































Chapter 5  
Mutation of non-hydrogen bonding residues in the bicarbonate 
environment 
5.1 Introduction 
 This chapter investigates the effects of mutating a non-hydrogen bonding residue 
within the bicarbonate environment. This will allow the effects of bicarbonate perturbation to 
be investigated without the additional confounding factor of disruption to the hydrogen 
bonding network. 
 
5.1.2 Choice of strains 
Analysis of the X-ray-derived crystal structure of PS II (Suga et al, 2015; PDB 
4UB6), showed that the D1:Val-219 residue was 3.8 Å from the bicarbonate (Figure 5.1). 
Valine is incapable of hydrogen bonding and 3.8 Å is a relatively long distance for direct 
hydrophobic interactions; however, the D1:Val-219 residue may affect the bicarbonate by 
tuning the non-heme iron environment. The residues which make up the bicarbonate binding 
pocket will likely affect the redox potential of the non-heme iron as well as the pKa of the 
bicarbonate environment which can affect proton transfer. Cox et al. (2009) suggested that 
among other residues the D1:Val-219 residue is potentially involved in this pH tuning of the 
bicarbonate environment. Consequently, the D1:Val-219 residue was mutated to either an 
alanine or an isoleucine, generating the V219A and V219I strains, respectively, in order to 











5.1.3 Chapter outline 
This chapter is divided into three sections, the first section deals with the 
physiological characterisation of the mutant strains under standard conditions. The second 
section deals with the effects of adding exogenous bicarbonate or formate to the mutant 
strains. The third section deals with the ability of the mutant strains to tolerate high light 
conditions. 
The physiological characterisation of these strains includes photoautotrophic growth 
curves, oxygen evolution assays, chlorophyll a fluorescence induction/decay assays with 
various additions and low temperature emission spectroscopy. 
Figure 5.1. PYMOL diagram of the bicarbonate binding site. Image generated from PDB 4UB6. The 
non-heme iron is shown as an orange ball. The QA and QB quinones are shown in yellow and green, 
respectively. D1 residues are shown in blue, D2 residues are shown in red. The D1:Val-219 residue is 
emphasised in darker blue. The water molecules are shown as pink spheres and the oxygen atom 
positions in the amino acids, quinones and bicarbonate are also shown in red. Nitrogen atom positions 









5.2 Steady state physiology 
5.2.1 Photoautotrophic growth curve, oxygen evolution and low temperature 



















Figure 5.2. Photoautotrophic growth curve, oxygen evolution assay, and low temperature fluorescence 
spectra. (A) Photoautotrophic growth curve determined by light scattering at 730 nm. Control (black 
filled circles), V219A (blue filled circles), V219I (blue empty circles). Error bars represent the 
standard error from at least 3 independent experiments. (B) Oxygen evolution traces for control (black 
solid line), V219A (blue solid line), V219I (blue dashed line). The cells were treated with 200 µM 
DMBQ and 1 mM K3Fe(CN)6  added 90 s before the light was switched on. All cells were measured 
at a chlorophyll a concentration of 5 µg.mL-1. (C) Low temperature fluorescence emission spectra at 
440 nm excitation and (D) 580 nm excitation for control (black solid line), V219A (blue solid line), 
V219I (blue dashed line). Low temperature fluorescence spectra (C &D) were measured at a 
chlorophyll a concentration of 2.5 µg.mL-1. Spectra are the average of at least three independent 
experiments and are normalised to the total fluorescence. Examples of the repeats of the above 






When grown photoautotrophically, the V219A strain grew at a slower rate than the 
control strain (Figure 5.2A), while the V219I strain grew at a similar rate to the control strain. 
To quantitatively compare the growth rates the doubling times of each of the strains was 








 The V219A strain displayed a longer doubling time that the control strain, while the 
V219I strain displayed a similar doubling time to the control. The reduced growth rate in the 
V219A strain is presumably due to reduced PS II activity as demonstrated in the oxygen 
evolution assay (Figure 5.2B). The V219A strain was able to evolve oxygen at only 25% of 
the control rate, indicating severe PS II inhibition in the V219A strain. Over the 5 min 
oxygen evolution assay, the overall oxygen evolution rate of the V219I strain is slower than 
the control, exhibiting only 66% of the control rate. However, the initial rate of oxygen 
evolution appears to be similar in the V219I strain and the control. This suggests that 
initially, PS II centres in the V219I strain are not inhibited by the mutation; however, they 
appear to have increased high light sensitivity as seen by the concave shape of the V219I 
oxygen evolution curve, consistent with the interpretation that the initial rate of oxygen 
evolution drops over time due to PS II photodamage. The low temperature fluorescence 
emission spectra are similar for the control and the mutant strains for the 440 nm excitation 
Table 5.1. Doubling times estimated from the photoautotrophic growth curves 




Doubling time (h) 
Control Low light 15 
V219A Low light 18 




(Figure 5.2C) and the 580 nm excitation (Figure 5.2D). This indicates that neither the PS II 
assembly nor the PS II:PS I ratios have not been affected by the mutations. Furthermore, the 
low-temperature fluorescence emission results show no evidence of increased levels of PS II 
assembly/repair pre-complexes 30 µE.m-2.s-1 light intensity. 
 
5.2.2 Chlorophyll a fluorescence assays 
 The oxygen evolution assay indicated that PS II centres in the V219A strain are 
considerably inhibited. As the mutations are on the acceptor side, electron transfer on the 
acceptor side was probed with chlorophyll a fluorescence assays, to investigate the source of 
the PS II inhibition. Chlorophyll a fluorescence induction assays were performed as 



























The fluorescence induction assay (Figure 5.3A) showed an elevated O-J rise for the 
V219A strain, indicating slowed QA
- to QB electron transfer. This is supported by the absence 
of the P-peak which suggests that the plastoquinone pool is still relatively oxidised by the 
time the Calvin-Benson cycle is activated. The V219I strain also shows an elevated O-J rise 
compared to the control, although the O-J rise is not as high as the V219A strain. 
Furthermore, the P-peak is present in the V219I fluorescence assay. This suggests that QA
- to 
QB electron transfer is also slowed in the V219I strain, although not to the same extent as the 
V219A strain. In the presence of DCMU (Figure 5.3B), the FM level is similar for the control 
and both strains. This indicates similar levels of PS II centres in the strains and the control 











































Figure 5.3 Room temperature fluorescence induction assay in the presence and absence of 40 µM 
DCMU. Dark-adapted cells were illuminated with a constant actinic light (455 nm) and measured 
with blue measuring flashes (455 nm). The strains used were the control (full black symbols), V219A 
(full blue symbols), V219I (empty blue symbols). (A) no addition. (B) Addition of 40 µM DCMU 2 
min prior to measurement. The cells were measured at a concentration of 2.0 µg.mL-1 chlorophyll a. 




strain, supporting the low-temperature fluorescence emission results (Figure 5.2C-D). 
Chlorophyll a fluorescence decay spectra were also performed to investigate the rates of 

















































































































Figure 5.4. Room temperature fluorescence decay assays. Fluorescence emissions are measured 
following a single turnover actinic flash illuminating dark-adapted cells. The strains are: control (full 
black symbols), V219A (full blue symbols), V219I (empty blue symbols). Cells were dark adapted for 
5 min before measurement. Cells had no addition (A,B), or 40 µM DCMU (C,D). Fluorescence decay 
traces were plotted as fluorescence – Fo (A,C), or normalised to Fm (B,D). The cells were measured at 





The FO levels are similar in all of the strains, suggesting that the fraction of non-
functional PS II centres is similar in the control and the mutant strains (Figure 5.4A). When 
each of the strains are normalised to their respective FM values the rate of fluorescence decay 
appears to be slower in the V219A strain than the control (Figure 5.4B). This indicates 
slowed acceptor side electron transfer in the V219A strain, supporting the fluorescence 
induction results (Figure 5.3A). The normalised fluorescence decay rates for the V219I strain 
appear to the similar to the control, contrasting with the fluorescence induction result. In the 
presence of DCMU, the rate of fluorescence decay appeared to be slower in the V219A 
strain, than in the control, while the V219I strain appeared to show similar decay rates to the 
control (Figure 5.4C). This suggests stabilised QA
- in the V219A strain. This results is 
supported by the FM-normalised fluorescence decay measurements of DCMU treated cells 
(Figure 5.4D). To quantitatively assess the effects of the mutations on fluorescence decay, the 
decay pathways were de-convoluted and the kinetics calculated as described in section 3.2.4 













Table 5.2. Decay kinetics of flash-induced variable fluorescence after a single turnover flash in the 
presence or absence of 40 µM DCMU. In the absence of DCMU, the total fluorescence is split into 3 
kinetic components representing the 3 different processes of QA- oxidation. In the presence of DCMU, 
the total fluorescence is split into 2 kinetic components representing the 2 different processes of QA- 
oxidation. The error displayed in the table is the standard error calculated from at least 3 repeats. 
  
Fast Component Intermediate 
Component 
Slow Component 
Strain Treatment Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 




353 ± 15 64.7 ± 2.1 4.1 ± 0.2 25.6 ± 3.6 7.6 ± 1.7 9.7 ± 1.5 
 
+DCMU 
      
3.9 ± 0.3 4.9 ± 0.3 0.9 ± 0.1 94.0 ± 0.7 
V219A No 
Treatment 
592 ± 21 55.9 ± 0.9 14.8 ± 0.6 34.3 ± 1.6 9.0 ± 1.8 9.8 ± 1.0 
 
+DCMU 
      
5.5 ± 0.6 4.1 ± 0.5 1.4 ± 0.0 95.6 ± 0.6 
V219I No 
Treatment 
231 ± 11 53.7 ± 0.7 3.3 ± 0.2 37.5 ± 0.6 8.2 ± 1.6 8.9 ± 0.2 
 
+DCMU 
      
4.9 ± 0.5 6.2 ± 0.5 0.6 ± 0.0 93.7 ± 0.5 
 
The V219A strain displayed longer half-times for the fast and intermediate phases 
than the control, showing a 67% increase in the fast phase half-time and an approximate 2.5-
fold increase in the intermediate phase half-time. This was accompanied by a change in the 
fast and intermediate phase amplitudes compared to the control. The fast phase amplitude 
dropped from 65% in the control to 56% in the V219A strain, while the intermediate phase 
amplitude rose from 25% in the control to 34% in the V219A strain. Contrastingly, the slow 
phase was similar in the control and V219A strains. The V219I strain showed faster half-




V219I fast phase and intermediate phases dropping by 33% and 20%, respectively, compared 
to the control. Like the V219A strain, the V219I strain also showed changes in the fast and 
intermediate phase amplitudes with the fast phase amplitude dropping from 65% in the 
control to 54% in the V219I strain, while the intermediate phase amplitude rose from 25% in 
the control to 38% in the V219I strain. The slow phase half time, was slightly lower in the 
V219I strain than the control; however, the difference is not significant as the V219I rate is 
within the standard error of the control rate. Furthermore, the slow phase amplitude in the 
V219I strain was similar to the slow phase in the control. 
In the presence of DCMU, the V219A strain displayed increased half-times for both 
the intermediate and slow phases in comparison to the control, while the amplitudes remained 
the same. This suggests stabilised QA
- in the V219A strain, which may also be the cause of 
the slowed forward electron transfer rates observed in the absence of DCMU. Contrastingly, 
in the presence of DCMU, the V219I strain displayed an increased intermediate phase half-
time and a decreased slow phase half-time, along with a small increase in the intermediate 
phase amplitude (Table 5.2). The contrasting effects on the rates of intermediate and slow 
phase decay are difficult to interpret, however, the accelerated slow phase decay suggests that 
QA
- is destabilised in the V219I mutant. The interpretation that the QA/QA
- redox midpoint 
potential is more negative in the V219I strain than the control also supports the fluorescence 
decay kinetics in the absence of DCMU, i.e. the accelerated fast and intermediate phase 





5.3 The bicarbonate effect 
To investigate the effects of the mutations on bicarbonate binding, exogenous 
bicarbonate and/or formate was added to Chlorophyll a fluorescence decay assays as 
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Figure 5.5. Room temperature fluorescence decay assays with bicarbonate and formate additions. 
Fluorescence emissions are measured following a single saturating actinic flash illuminating dark-
adapted cells. The strains are: control (full black symbols), V219A (full blue symbols), V219I (empty 
blue symbols). Dark-adapted cells were treated 3 min prior to measurement with: no addition (A, 
circles), 15 mM bicarbonate (B, squares), 25 mM formate (C, triangles), 15mM bicarbonate + 25 mM 
formate (D, diamonds). The cells were measured at 2.0 µg. mL-1 chlorophyll a. An example of 





The addition of bicarbonate (Figure 5.5B) or bicarbonate and formate (Figure 5.5D), 
had little/no effect on the rates of fluorescence decay in the control or either of the mutant 
strains. However, the addition of formate appeared to have a greater effect on the V219I 
strain than either the control or the V219A strains. Following formate treatment, the V219A 
and V219I strain exhibited variable fluorescence decay at a similar rate, which was slower 
than the decay observed in control cells. To quantify this phenomenon, the fluorescence 




As discussed in section 4.3, the addition of formate to the control strain results in a 
20% increase in the fast phase half-time and an approximate 2-fold increase in the 
intermediate phase half-time, while the slow phase half-time drops to 38% of the untreated 
half-time. Additionally, fast phase amplitude drops by 3% with an equivalent rise in the slow 
phase amplitude. The V219A strain displayed less sensitivity to the addition of formate than 
Table 5.3. Decay kinetics of flash-induced variable fluorescence following a single turnover flash in 
the presence or absence of 25 mM formate.  The total fluorescence is split into 3 kinetic components 
representing the 3 different processes of QA- oxidation.  The error displayed in the table is the standard 
error calculated from at least 3 repeats. 
  
Fast Component Intermediate 
Component 
Slow Component 
Strain Treatment Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 
Amplitude   
(%) 
Control Formate 423 ± 18 60.1 ± 2.9 8.6 ± 1.8 26.9 ± 2.2 2.2 ± 0.9 13.0 ± 0.8 
V219A Formate 624 ± 28 51.5 ± 1.1 18.6 ± 0.8 37.7 ± 1.4 11.1 ± 2.2 10.8 ± 1.1 




the control strain, with the addition of formate to the V219A strain causing increased half-
times for the fast, intermediate and slow phases of 5%, 25% and 23%, respectively, while the 
intermediate phase amplitude rose by 3% with an equivalent drop in the fast phase amplitude. 
Unlike the V219A strain, the V219I strain displayed increased sensitivity to formate in 
comparison to the control. The addition of formate to the V219I strain caused an approximate 
1.5 fold increase in the fast phase half-time, and an approximate 5-fold increase in the 
intermediate phases half-time, while the slow phase half-time dropped to 28% of the 
untreated half time. Additionally, the slow phase amplitude rose by 7% with an 
approximately equal drop in the intermediate phase amplitude. To determine if the effects of 
bicarbonate/formate addition are exacerbated in multiple turnovers fluorescence induction 





















































































































Figure 5.6. Room temperature fluorescence induction assays. Dark-adapted cells were illuminated 
with a constant actinic light (455 nm) and measured with blue flashes (455 nm). The strains used 
were: control (full black symbols), V219A (full blue symbols), V219I (empty blue symbols). Cells 
were treated 3 min prior to measurement with: (A) no treatment (circles), (B) 15 mM bicarbonate 
(squares), (C) 25 mM formate (triangles), (D) 15 mM bicarbonate + 25 mM formate (diamonds). The 
cells were measured at 2.0 µg.mL-1 chlorophyll a. An example of fluorescence induction repeats is 




As seen in the single flash fluorescence decay (Figure 5.5), the addition of 
bicarbonate or bicarbonate + formate, had little effect on the fluorescence induction curves. 
The addition of formate to the control strain results in a slight increase in the O-J rise, while 
the P-peak is attenuated, presumably due to slowed QB exchange in the presence of formate, 
as discussed in Section 4.3 (Sedoud et al., 2011). The addition of formate to the V219A strain 
did not appear to affect its fluorescence induction curve, supporting the fluorescence decay 
result (Figure 5.5C) which indicated decreased formate sensitivity in the V219A strain. The 
addition of formate to the V219I strain had a similar result as the control. The O-J rise 
increased slightly compared to the untreated assay, while the P-peak was considerably 
attenuated. 
 
5.4 High light sensitivity 
Oxygen evolution assays in the presence of DMBQ (Figure 5.2B) indicated increased 
high light sensitivity in the V219A and V219I strain, as seen by their concave oxygen traces. 
Consequently, high light sensitivity was determined by measuring the rate of oxygen 



























During the high light treatment, both the V219A and V219I strains displayed 
considerable high light sensitivity, dropping to approximately 50% and 30% of their initial 
rates, respectively. However, during the low light recovery period, the V219A strain was not 
able to recover over the 80 min low light recovery period, while the V219I strain was able to 
rapidly recover and eventually exceeded its initial rate of oxygen evolution. 
Figure 5.7. Rate of oxygen evolution over a high/low light time course. Time course of oxygen 
evolution rates for control (filled black symbols), V219A (filled blue symbols), V219I (empty blue 
symbols) during a 60 min high light (1500 µE m-2 s-1) period and 80 min recovery period (30 µE m-2 s-
1). Oxygen evolution rates were normalised to the T=0 point for cells treated with 200 µM DMBQ and 
1 mM K3Fe(CN)6. Error bars represent the standard error from at least 3 independent experiments. 





























The mutation of D1:Val-219 to an alanine did not affect PS II assembly or the ratio of 
PS II:PS I (Figure 5.2C-D); however, it did inhibit PS II activity as seen by the dramatically 
reduced rates of oxygen evolution (Figure 5.2B). The PS II inhibition appears to be caused by 
decreased rates of QA
- to QB electron transfer (Figure 5.3 and 5.4) and particularly slowed QB 
exchange, as seen by the slowed intermediate phase decay following a single actinic flash 
(Table 5.2). As neither valine nor alanine are capable of hydrogen bonding, the mechanism of 
the slowed QB exchange is not likely to be due to disruption of the hydrogen bonding 
network. However, the hydrophilic/hydrophobic character of the bicarbonate binding site can 
affect the pKa of the bicarbonate or surrounding proton donation/accepting groups. Therefore, 
the removal of the valine hydrophobic side chain may affect electron/proton transfer on the 
acceptor side of PS II by adjusting the pKa of the local environment. The substitution of a 
CH(CH3)2 group for a CH3 group does not seem like a dramatic change, however, the 
extremely high conservation of the D1 amino acid sequence suggests that this protein subunit 
is highly tuned to its purpose, consequently even small changes may have considerable 
effects. 
The V219A strain appeared to be insensitive to bicarbonate or formate additions 
(Figure 5.5 and 5.6). This suggests that either bicarbonate is dissociated in the V219A strain, 
and the addition of 15 mM bicarbonate is unable to induce re-ligation, or that 25 mM formate 
is unable to displace the bicarbonate ligand in the V219A mutant. Alternatively, this result 
could indicate that the mechanism whereby bicarbonate-dissociation modulates PS II activity 




The V219A mutant displayed increased high light sensitivity, compared to the control 
(Figure 5.7). This supports the hypothesis that the bicarbonate ligand plays a role in 
photoprotection, as even minor changes to the bicarbonate environment can affect high light 
sensitivity. The inability to tolerate high light may be due to extended QA
- lifetimes, caused 
by the slow QA
- to QB transfer. This may cause rapid PS II damage due to ROS production in 
the presence of extend QA
- lifetimes. Alternatively, as bicarbonate dissociation slows PS II 
activity, and extended QA
- lifetimes can facilitate bicarbonate dissociation, then the slowed 
PS II activity in V219A cells during high light may be due to the bicarbonate dissociating 
from an increased fraction of V219A centres compared to the control.  
 
5.5.2 V219I 
The mutation of D1:Val-219 to isoleucine did not affect PS II assembly or the PS 
II:PS I ratio (Figure 5.2C-D). Furthermore, PS II function in low-light conditions appeared to 
be the same as the control as seen by the photoautotrophic growth curve (Figure 5.2A) and 
the initial rate of oxygen evolution during the oxygen evolution assays (Figure 5.2B). 
However, acceptor side analysis revealed altered QA
- to QB electron transfer kinetics 
compared to the control. The V219I fluorescence decay kinetics suggest that the QA/QA
- 
redox midpoint potential in the V219I strain is more negative than in the control. This may be 
due to altered hydrophobicity in the bicarbonate pocket causing changes to local pH. The 
relatively conservative change of valine to isoleucine will only have minor effects on the 
local hydrophobicity. This would explain the accelerated rates of QA
- to QB electron transfer 
observed in the fluorescence decay assays (Table 5.2), as the energy gap between QA
- and QB 




The V219I strain displayed increased high light sensitivity, compared to the control. 
This may be due to the more negative QA
- redox midpoint potential facilitating the formation 
of 3[P680+Pheo-] in the V219I strain, leading to increased ROS production. This 
interpretation is similar to the explanation of the reduced high light sensitivity in the E244A 
strain due to a more positive QA/QA
- redox midpoint potential. 
 
5.5.3 Conclusion 
The relatively conservative mutation of non-hydrogen bonding residues in the vicinity 
of the bicarbonate had large effects on PS II photo-sensitivity and acceptor side electron 
transfer. This suggests that the tuning of the bicarbonate environment by the residues in its 
binding pocket are essential for optimal PS II function. The apparent destabilisation of the 
QA
- residue in the V219I strain also highlights how the energy gap between Pheo and QA
- 


































Chapter 6  
Disrupting the interaction between the PsbT subunit and the DE 
loop of the D1 Subunit 
 
6.1 Introduction 
 This chapter investigates the effect of disrupting the interaction between the DE loop 
of the D1 subunit and the PsbT subunit. As discussed in Chapter 1 (section 1.3.4), the PsbT 
subunit is a single transmembrane helix, which is located at the monomer-monomer interface 
of the PS II dimer. The PsbT subunit interacts with the CP43 subunit on the donor side of PS 
II, while also displaying a putative interaction with D1 at the acceptor side. Previous studies 
have demonstrated that the removal of the PsbT subunit affects PS II activity, as seen in the 
phenotype of the ΔPsbT strain (Bentley et al., 2008; Appendix I). It has been hypothesised 
that the phenotype of the ΔPsbT strain is caused, at least in part, by the disruption of the 
interaction between PsbT and D1 on the acceptor side. Consequently, targeted point 
mutations were made in the D1 subunit to disrupt the putative interaction between D1 and 
PsbT, while preserving the native PsbT subunit. These mutant strains were then measured 





6.1.2 Choice of mutants  
 Analysis of the PS II X-ray-derived crystal structure (Suga et al., 2015; PDB 4UB6), 
showed that the PsbT residues Pro-27, Arg-28 and Ile-29 appear to form a hydrophobic 
pocket in close proximity to the D1:Phe-239 residue. Arg-28 is not considered hydrophobic 
due to its charged side chain; however, in this case the hydrophilic side chain faces away 
from the D1:Phe-239 residue. (Figure 6.1A). D1:Phe-239 is separated from PsbT:Pro-27 and 
PsbT:Ile-29 by 3.8 Å and 3.9 Å, respectively. Consequently, a putative hydrophobic 
interaction between D1:Phe-239 and the PsbT hydrophobic pocket has been proposed. 
 
Figure 6.1. Diagram of the interaction between the DE loop and the PsbT subunit. Image generated 
from PDB 4UB6. (A) Diagram of the interaction between D1:Phe-239 and Pro-Arg-Ile hydrophobic 
pocket of PsbT. The black dotted line are the shortest distances between the residues. The D1:Phe-239 
residue is shown in red and the Pro-27, Arg-28 and Ile-29 residues of PsbT are shown in sky blue. 
Labels show the length of the distances. (B) Diagram of the iron-quinone acceptor complex of PS II. 
The non-heme iron is shown as the orange ball. The QA and QB quinones are shown in yellow and 
light blue, respectively. The water molecules are shown as red spheres and the oxygen atoms in the 
amino acids, quinones and bicarbonate are also shown in red. The nitrogen atoms of the highlighted 
amino acids are shown in blue. The D1 subunit is shown in bronze, the D2 subunit is shown in green, 







 D1:Phe-239 is part of the DE loop of D1. As discussed in Chapter 1 (section 1.5.1) 
the DE loop lies on top of the iron-quinone acceptor complex, separating it from the cytosol 
(Figure 6.1B) and is the most frequently damaged part of PS II (section 1.4.3). It has been 
hypothesized by the Eaton-Rye laboratory that the interaction between D1:Phe-239 and the 
PsbT hydrophobic pocket could ‘lock’ the DE loop in place, shielding the iron-quinone 
acceptor complex from the cytosol. Disruption of this interaction may consequently lead to 
increased flexibility in the DE loop, exposing the iron-quinone acceptor complex to the 
cytosol. This disruption may occur naturally, through damage to the DE loop, or through 
targeted mutagenesis. To test this hypothesis, the D1:Phe-239 residue was mutated to either 
an alanine or a leucine, generating the F239A, and F239L mutants, respectively. 
Additionally, a ΔPsbT strain was measured alongside the point mutant strains for 
comparison. 
 
6.1.3 Chapter outline 
This chapter is divided into three sections, the first section deals with the 
physiological characterisation of the mutants under standard conditions. The second section 
deals with the ability of the mutant strains to tolerate high light conditions. The third section 
deals with DE loop flexibility in the mutant strains. 
The physiological characterisation of these mutant strains includes photoautotrophic 
growth curves in high and low light, oxygen evolution assays, chlorophyll a fluorescence 
induction/decay assays with various additions, low temperature emission spectroscopy, 




6.2 Steady state physiology 
 6.2.1 Photoautotrophic growth curve, oxygen evolution and chlorophyll a 
variable fluorescence decay 
 The control, F239A, F239L and ΔPsbT strains were grown photoautotrophically to 
determine if the rate of photoautotrophic growth is reduced in the mutant strains (Figure 
6.2A).   
Figure 6.2. Photoautotrophic growth curve, oxygen evolution assay and variable fluorescence decay 
assay. (A) Photoautotrophic growth of control (solid black circles), F239A (empty black circles), 
F239L (solid blue circles), ΔPsbT (empty blue circles). Error bars display the standard error 
calculated for each data point from at least 3 different repeats. (B) Oxygen evolution traces for wild 
type (black solid line), F239A (black dashed line), F239L (blue solid line), ΔPsbT (blue dashed line). 
The cells were treated with 200 µM DMBQ and 1 mM K3Fe(CN)6. Cells were measure at 5 µg.mL-1 
of chlorophyll a (C) Fluorescence decay after a single actinic flash. Wild type (solid black circles), 
F239A (empty black circles), F239L (solid blue circles), ΔPsbT (empty blue circles). Cells were 
measure at 2 µg.mL-1 of chlorophyll a. Examples of the repeats of the above experiments are shown 
in Appendix VI..  
















































































To determine quantitatively if the mutant strains had decreased growth rates, the 
doubling times of the mutant strains were calculated from the growth rate during the 








The doubling time of the F239A and ΔPsbT strains increased from the approximate 
15 h doubling time seen in the control and F239L strains to approximately 20 h. Oxygen 
evolution assays were performed to determine the relative rates of PS II activity in the mutant 
strains compared to the control. In the presence of DMBQ, the rate of oxygen evolution was 
similar in the F239L strain to the observed rate in the control, however, the rate of oxygen 
evolution in the ΔPsbT strain was slowed to 77% of the control rate; while the F239A strain 
was slowed to only 46% of the control rate (Figure 6.2B). This indicates decreased PS II 
activity in the ΔPsbT strain and especially the F239A strain. To further probe this reduction 
in PS II activity, chlorophyll a variable fluorescence decay assays were performed to probe 
the electron transfer rates on the acceptor side of PS II.  
The FO levels were the same for the control and the F239L strain; however, the FO 
levels for the F239A and ΔPsbT strains were 77% and 148% higher than the control, this 
Table 6.1.  Doubling times estimated from the photoautotrophic growth 
curves (Figure 6.2A). The method for the estimation of doubling times is 
shown in Appendix VI. 
Strain Light Intensity Doubling time (h) 
Control Low light 15 
F239A Low light 20 
F239L Low light 16 




provides some evidence that there is an elevated proportion of inactive PS II centres in the 
F239A and ΔPsbT strains. It must be considered though, (as discussed in section 3.2.4) 
elevated FO levels on their own, do not conclusively prove an increased proportion of inactive 
centres. Consequently, verification by other techniques is required for confirmation. The 
fluorescence decay rates of the F239A and ΔPsbT strains were slower than the control, 
indicating slowed rates of electron transfer on the acceptor side of those strains (Figure 6.2C). 
The fluorescence decay rate of the F239A strain was particularly slow, supporting the oxygen 
evolution results. Overall, these preliminary experiments indicate a loss of PS II activity in 
the ΔPsbT strain. However, the F239A strain showed an even greater loss of PS II activity 
than the ΔPsbT strain, while the F239L strain behaved like the control. 
 







Figure 6.3. Low temperature fluorescence emission spectra. (A) 440 nm excitation and (B) 580 nm 
excitation for Control (black solid line), F239A (black dashed line), F239L (blue solid line), ΔPsbT (blue 
dashed line). Spectra are the average of at least 3 independent experiments and are normalised to the PS I 
emission maxima. The cells were measured at 2.5 µg.mL-1 chlorophyll a. An example of the repeats for 



























































When excited with 440 nm light and normalised to the PS I peak (725 nm), the F239A 
and ΔPsbT strains displayed elevated 685 nm and 695 nm peaks compared to the control and 
the F239L strain. The 685 nm peak of the F239A strain was 20% higher than that of the 
control, with an 18% rise in the 695 nm peak, while the ΔPsbT strain displayed a 27% rise in 
the 685 nm peak and an 18% rise in the 695 nm peak. The rise of PS II emissions relative to 
the PS I emissions indicates that the ratio of PS II:PS I has increased in the F239A and ΔPsbT 
strains (Figure 6.3A). Furthermore, the 685 nm peak is higher than the 695 nm peak in the 
F239A and particularly in the ΔPsbT strain. As discussed in section 3.2.3, this indicates 
elevated levels of CP43 and CP47 pre-complex in these strains. Elevated levels of pre-
complexes can come from upregulated repair/biosynthesis pathways in the F239A and ΔPsbT 
strains increasing pre-complex synthesis, or from blocked assembly causing pre-complex 
accumulation.   
When excited with 580 nm light and normalised to the PS I peak (725 nm), the 680 
nm peak of the F239A strain was 28% higher than the control, while the ΔPsbT strain was 
47% higher than the control (Figure 6.3B). The 680 nm peak corresponds to the 
phycobilisome terminal emitter. Elevated 680 nm peaks indicate decreased phycobilisome 
coupling. This is due to energy from the phycobilisome terminal emitter being re-emitted as 
fluorescence, as it is unable to pass the energy to a coupled photosystem. The low 
temperature fluorescence results are supported by the previous results (Figure 6.2C) which 
suggest that there is a higher fraction of inactive centres in the F239A strain and especially 





6.2.3 Photosystem II complex distribution 
 The previous results suggested that the F239A and ΔPsbT strains have a higher 
proportion of inactive PS II centres than the control and F239L strains. To assess the 
distribution of active and inactive PS II centres in the mutant strains, the photosynthetic 
complexes were extracted from the thylakoid membranes, solubilised and separated using 
Blue-native PAGE (BN-PAGE). Following separation, a western blot was performed to 
detect the various PS II complexes.   
Active PS II centres exist as dimers; while RC47 complexes are only present during 
the PS II repair and assembly processes (as discussed in section 1.4.4). Therefore, 
comparison of the relative levels of PS II dimer and RC47 complex can give an indication of 
the proportion of centres which are active or undergoing repair/assembly. Additionally, PS II 
monomers are present in the BN-PAGE gel; however, as discussed in section 3.2.1 it is 
unclear if this band indicates that a fraction of PS II centres exist as monomers in vivo, or if 







Figure 6.4. α-D1 western blot of a BN-PAGE. Separation of solubilised thylakoid membranes at an 
amount equivalent to 1 µg of chlorophyll a. control (lane 1), ΔPsbT (lane 2), F239A (lane 3), F239L 
(lane 4). A wild type BN-PAGE lane is shown on the left with important protein bands labelled. (u.p. 




The α-D1 western blot of the BN-PAGE indicated similar levels of PS II dimer, 
monomer and RC47 in the control, F239A and F239L strains. Conversely, the ΔPsbT strain 
shows a much stronger RC47 band than the control, while the PS II dimer band is 
considerably weaker. Furthermore, in the ΔPsbT lane the α-D1 western blot picked up two 
extra bands in-between the PS II dimer and monomer (Figure 6.4). The large increase in the 
RC47 band from ΔPsbT thylakoids with the concomitant drop in the PS II dimer band 
indicates an increased proportion of inactive PS II centres in the ΔPsbT strain. This may be 
due to increased rates of damage or slowed PS II repair causing accumulation of RC47 
complexes. Alternatively, the increased RC47 band in the ΔPsbT may be due to accumulation 
of assembly pre-complexes. The lower of the two additional bands observed in the ΔPsbT 
lane has been putatively assigned to [RC47:RC47] dimers. This is supported by CP43 and 
CP47 western blots of solubilised ΔPsbT thylakoids (Appendix IX). However, the identity of 
the higher of the additional bands in the ΔPsbT strain is currently unknown.  
The elevated FO level observed in the F239A strain, and the low temperature 
fluorescence results suggested that the F239A strain also has a higher proportion of inactive 
PS II centres than the control. This was not evident in the western blot, as the F239A strain 
showed similar bands to the control. However, the qualitative nature of western blots make 
detection of small differences difficult. To look more closely at the relative levels of the 
various photosynthetic components 2D gels were used to first separate the photosynthetic 
complexes using BN-PAGE, then to break apart and separate their constituent subunits using 





The 2D gels were stained with Coomassie Brilliant Blue R-250 (referred to hereafter 
as Coomassie) to visualise all the separated protein subunits (Figure 6.5A-C). Coomassie has 
a high sensitivity and is able to detect small amounts of protein, however, at high 
Figure 6.5. 2D gel electrophoresis analysis of thylakoid membrane protein complexes. Solubilised 
thylakoid membrane proteins at an amount equivalent to 1 µg of chlorophyll a run on BN-PAGE (4-
16 %) then SDS-PAGE (12 %). Coomassie-stained images for the wild type (A), ΔPsbT (B), F239A 
(C). (D) False-colored comparison of SYPRO Ruby-stained fluorescence emission for the wild type 
(red) and ΔPsbT (green). (E) False-colored comparison of SYPRO Ruby-stained fluorescence 






concentrations the Coomassie signal becomes saturating preventing comparison of the spots. 
Consequently, the gels were also stained with SYPRO Ruby. The signal from the SYPRO 
Ruby stain is quenched in many cases by pigments in the proteins; however, the fluorescence 
emissions from the core PS II subunits using the SYPRO Ruby stain have a linear 
relationship with the amount of protein (Steinberger et al., 2015). The SYPRO stained gels 
for the mutant strains were digitally overlaid with the SYPRO stained gel for the wild-type to 
detect differences in the amount of protein in each of the spots (Figure 6.5D-E). Differences 
in the spot intensity between gels were identified with false colouring. The F239L strain was 
omitted as the gel was damaged during the staining procedure (Appendix X). Several of the 
spots in the Coomassie stained gels were excised and identified using Mass Spectrometry. 
Details of the Mass spectrometry analysis are shown in Appendix XI. 
 Comparison of the 2D gel of wild type solubilised thylakoids (referred to hereafter as 
the wild type gel) and the 2D gel of ΔPsbT solubilised thylakoids (referred to hereafter as the 
ΔPsbT gel) showed increased D1, D2 and CP47 signal in the RC47 lane of the ΔPsbT gel, as 
well as an increase in unincorporated CP43, while the signals arising from D1, D2, CP43 and 
CP47 in the PS II dimer lane were decreased relative to their respective signals in the wild 
type gel. This result supports the western blot observations (Figure 6.4). Compared to the 
wild type gel, the 2D gel separating F239A solubilised thylakoids (referred to hereafter as the 
F239A gel) showed a small increase in the signals arising from D1, D2, and CP47 in the 
RC47 lane along with an increase in the signal from unincorporated CP43. The signals 
arising from D1, D2, CP43 and CP47 in the PS II dimer lane of the F239A gel also appeared 
to show slight reductions relative to their respective signals in the wild type gel. This suggests 
that the F239A strain has slightly elevated RC47 levels relative to the wild type, with slightly 




minor and are presumably not seen in the western blot due to the low sensitivity of the 
western blot compared to the 2D gel. 
  
6.2.4 Acceptor side function 
 The variable fluorescence decay observed in Figure 6.2C, indicated slowed QA
- 
oxidation in the F239A and ΔPsbT strains relative to the control. To further probe the kinetics 
of QA














Figure 6.6. Room temperature fluorescence induction assay. Dark-adapted cells are illuminated with a 
constant actinic light (455 nm) and measured with blue measuring flashes (455 nm). The strains used 
were control (full black symbols), F239A (empty black symbols), F239L (full blue symbols), ΔPsbT 
(empty blue symbols). The cells were prepared to a concentration of 2.0 µg.mL-1 chlorophyll a. An 
example of fluorescence induction repeats is shown in Appendix VI. 
 























As seen in section 3.2.4, the control strain exhibited a characteristic fluorescence 
induction curve (Figure 6.6). The F239A strain had an elevated J-level compared to the 
control, indicating slowed QA
- to QB electron transfer in the F239A strain. The F239A strain 
also displayed a slightly diminished P-peak, this is presumably because the F239A strain has 
more inactive PS II centres than the control, resulting in a lower FM (P-peak) due to a lower 
effective PS II concentration. The F239L strain displayed a similar fluorescence induction 
curve to the control. This supports the variable fluorescence decay result which showed that 
the F239L strain had a similar rate of QA
- oxidation as the control. In contrast, the entire OJIP 
curve for the ΔPsbT strain was lower than the control. Presumably, this is again due to a 
lower effective PS II concentration in the ΔPsbT fluorescence induction assay due to the 
ΔPsbT having a smaller proportion of active PS II centres than the control. It is therefore 
difficult to infer information on the rates of electron transfer directly from the induction curve 
of ΔPsbT. 
 To allow for direct comparison of the electron transfer rates, variable fluorescence 
decay measurements (Figure 6.2B) were normalised to their respective FM values (Figure 
6.7). Allowing for comparison of the rates of fluorescence decay, regardless of differences in 
the effective PS II concentration. Figure 6.7 shows slowed rates of fluorescence decay in the 
ΔPsbT strain and particularly the F239A strain, while the F239L strain displays similar decay 




















To investigate which of the QA
- oxidation pathways are affected by the mutations, the 
fluorescence decay data was de-convoluted and the kinetics calculated as described in section 







Figure 6.7. Room temperature fluorescence decay assay. Fluorescence emissions are measured 
following a single turnover actinic flash illuminating dark-adapted cells. The strains used were control 
(full black symbols), F239A (empty black symbols), F239L (full blue symbols), ΔPsbT (empty blue 
symbols). The cells were prepared to a concentration of 2.0 µg.mL-1 chlorophyll a. An example of 






Table 6.2. Kinetic analysis of the chlorophyll fluorescence decay following one single turnover 
flash. The total fluorescence is split into 3 kinetic components representing the 3 different processes 
of QA- oxidation. The error displayed in the table is the standard error calculated from at least 3 
repeats. 
  
Fast Component Intermediate 
Component 
Slow Component 
Treatment Strains Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           





        
Control 353.0 ± 15.4 64.7 ± 2.1 4.1 ± 0.2 25.6 ± 3.6 7.6 ± 1.7 9.7 ± 1.5 
 
F239A 584.7 ± 68.0 38.5 ± 3.9 10.6 ± 1.4 25.1 ± 1.5 1.9 ± 0.2 36.4 ± 5.3 
 
F239L 237.6 ± 9.4 68.9 ± 0.9 4.5 ± 0.6 19.5 ± 1.3 4.4 ± 0.6 11.7 ± 0.9 
 
ΔPsbT 477.5 ± 19.0 62.4 ± 2.3 7.9 ± 1.5 20.1 ± 1.0 5.5 ± 1.0 17.6 ± 1.9 
 
 Compared to the control, the fast and intermediate phase half-times of the F239A 
strain increased by 65% and 158%, respectively, while the slow phase half-time dropped to 
25% of the control half-time. The phase amplitudes in the F239A strain also showed 
significant shifts, with the fast phase decreasing from 65% in the control to 39% in the 
F239A strain, while the slow phase rose from 10% in the control to 36% in the F239A strain. 
The amplitude of the intermediate phase was unchanged in the F239A strain. In contrast, the 
F239L strain shows few changes to the control. Although the half-times for the fast and slow 
phases appear to be slightly faster and slower, respectively (Table 6.2). In the case of the 
ΔPsbT strain the fast and intermediate phase half-times increased by 35% and 92%, 
respectively, relative to the control, while the slow phase half-time decreased by 26%. The 
phase amplitudes of the ΔPsbT strain showed a decrease in the fast and intermediate phase 




Overall, these results indicate that QA
- to QB electron transfer is considerably slowed in 
the F239A strain. The decreased half-time of the slow phase in the F239A strain indicates a 
shift in the QA
-QB and QAQB
- equilibrium, encouraging localisation of the electron of QA
-, 
accelerating S2QA
- charge recombination (Table 6.2). The ΔPsbT strain shows a similar trend 
to the F239A strain; however, the effects are not as pronounced as in the F239A strain, as seen 
by the relatively minor changes in half-times and phase amplitudes. 
To investigate the kinetics of the back reaction fluorescence induction and decay assays 
























































Figure 6.8 Room temperature fluorescence induction in the presence of 40 µM DCMU. Dark adapted 
cells were illuminated with a constant actinic light (455 nm) and measured with blue measuring 
flashes (455 nm). The strains used were control (full black symbols), F239A (empty black symbols), 
F239L (full blue symbols), ΔPsbT (empty blue symbols). The cells were measured at a concentration 





Fluorescence induction in the presence of DCMU (Figure 6.8), shows similar FM levels 
for the F239A and control strains, while the FM of the F239L strain is increased, and the FM of 
the ΔPsbT strain is decreased. In this case, the FM levels seen in Figure 6.8, do not support the 
low temperature fluorescence data (Figure 6.3), and the 2D-gel data (Figure 6.5), which both 
indicate similar levels of PS II centres in the F239L strain and the control, while the F239A 
strain has slightly diminished levels of PS II compared to the control. The ΔPsbT strain displays 
a lower FM than the control, supporting the 2D-gel and low temperature fluorescence data. The 
FM for both the F239A and F239L strains is higher than the previous results would predict. The 











Figure 6.9. Room temperature fluorescence decay in the presence of 40 µM DCMU. Fluorescence 
emissions are measured following a single turnover actinic flash illuminating dark-adapted cells. The 
strains used were control (full black symbols), F239A (empty black symbols), F239L (full blue symbols), 
ΔPsbT (empty blue symbols). The cells were prepared to a concentration of 2.0 µg.mL-1 chlorophyll a. An 





Fluorescence decay in the presence of DCMU shows slower rates of fluorescence decay 
for the F239A and ΔPsbT strains compared to the F239  and control strains. The kinetics of 
the individual QA
- oxidation pathways were calculated and displayed in table 6.3. 
 
The F239A and ΔPsbT strains displayed longer half-times than the control for both the 
slow and intermediate components, while the F239L displayed a decreased slow phase half-
time compared to the control. This indicates that the S2QA
- charge separated state is stabilised 
in the F239A and ΔPsbT strains. The amplitudes of the components were similar in the control, 
F239A and F239L strains; however, the ΔPsbT strain displayed an increase in the intermediate 
phase amplitude with a concomitant drop in the slow phase amplitude. This indicates slowed 
electron transfer on the donor side of PS II between P680+ and the Mn-cluster, increasing the 
lifetime of P680+. 
 
 
Table 6.3.  Kinetic analysis of the variable fluorescence decay following one single 
turnover flash in the presence of 40 µM DCMU. Total fluorescence is split into 2 kinetic 
components representing the 2 different processes of QA- oxidation in the presence of 
DCMU.  The error displayed in the table is the standard error calculated from at least 3 
repeats. 
  Intermediate Component Slow Component 
Treatment Strains Rate (t1/2 = ms) Amplitude (%) Rate (t1/2 = s) Amplitude (%) 
DCMU Control 3.9 ± 0.3 4.9 ± 0.3 0.9 ± 0.1 94.0 ± 0.7 
 F239A 7.7 ± 0.9 4.8 ± 0.5 1.2 ± 0.1 95.2 ± 0.5 
 F239L 5.4 ± 1.6 3.5 ± 0.6 0.4 ± 0.1 96.5 ± 0.4 




6.3 High light sensitivity 
6.3.1 High light growth rates 
Bentley et al. (2008) observed that removal of the PsbT subunit resulted in increased 
high light sensitivity in the ΔPsbT strain. This high light sensitivity may be due to the disruption 
of the interaction between the DE loop and PsbT. The control, F239A, F239L and ΔPsbT 










In high light conditions the F239A and F239L strains grew at a similar rate, which 
was slower than the control, while the ΔPsbT had the lowest growth rate in high light 
conditions. Interestingly, the F239A and F239L strains initially grow slower than the ΔPsbT 
strain before accelerating after 24 h. This is particularly apparent in the F239A strain. This 
indicates some form of physiological adaption to the high light conditions, which is not seen 
in the ΔPsbT strain, which maintains a constant rate of growth throughout the 120 h.  The 
Figure 6.10. Photoautotrophic growth curve in high light (200 µE.m-2.s-1) conditions. Wild type (solid 
black circles), F239A (empty black circles), F239L (solid blue circles), ΔPsbT (empty blue circles). Error 




doubling times of the mutant strains in high light conditions was calculated from the growth 







The doubling times for all of the strains were longer than in low light (Table 6.1), 
indicating that 200 µE.m-2.s-1 is a high stress condition, even for the control. In the high light, 
the doubling times of the F239A, F239L and ΔPsbT strains were 38%, 26% and 93% higher 
than the control, respectively. This indicates that while the F239A and F239L strains both 
show increased high light sensitivity compared to the control, they are more high light 
tolerant than the ΔPsbT strain. This suggests that the PsbT subunit has additional 
photoprotective roles beyond holding the DE loop in place, as disrupting the interaction 
between the DE loop and PsbT without removing PsbT does not introduce the same level of 
photo-sensitivity. 
 
6.3.2 PS II activity in high light 
 The mutant strains were subjected to a high/low light time course as described in 
section 3.4. The F239A strain was omitted as the rate of oxygen evolution in the presence of 
DMBQ is so low that any drop due to PS II damage could not be distinguished from the 
standard error. 
Table 6.4. Doubling times calculated from the high light 
photoautotrophic growth curve 
Strain Light Intensity Doubling time (h) 
Control High light 28 
F239A High light 38 
F239L High light 35 



















As observed in section 3.4, the control strain dropped to 80% of its initial rate; before 
rising to 116% of the initial rate during the low light recovery period. In the F239L strain, the 
rate of oxygen evolution drops during the high light treatment to approximately 65% of the 
initial rate. This indicates either increased rates of PS II damage or inhibited PS II repair 
compared to the control. When the light intensity drops, the strain rapidly recovers, 
Figure 6.11. Time course of oxygen evolution rates in the presence of 200 µM DMBQ and 1mM 
K3Fe(CN)6. Control (full black circles), F239L (full blue circles), ΔPsbT (empty blue circles) during a 
60 min high light (1500 µE.m-2s-1) period and 80 min recovery period (30 µE.m-2s-1).  The error bars 
display the standard error for each data point calculated from 3 different repeats each. Oxygen 
evolution rates normalised to the rate at T=0. For all measurements the cells were prepared to a 




























displaying the overcompensation seen in the control strain, where the rate of oxygen 
evolution during the low light recovery exceeds the initial rate. 
 In the ΔPsbT strain, the oxygen evolution rate rapidly drops down to approximately 
30% of the initial rate, where it remains over the high light treatment. The ΔPsbT strain 
partially recovers during the low light period; however, it is unable to recover to its initial 
rate over the 80 min recovery period. This suggests a much higher rate of damage or slowed 
repair cycle in this strain. It is interesting that after dropping to 30% of the initial rate, no 
further decrease is observed.  
 
6.3.3 PS II repair  
 The phenotypes seen in Figure 6.9 and Figure 6.10 confirm that all of the mutant 
strains have either increased levels of damage or slowed rates of PS II repair compared to the 
control. To determine whether it is increased damage, slowed repair or both, a pulse-chase 
experiment was performed. Cells were subjected to 45 min of high light (2000 µE.m-2s-1). 
Following the high light treatment, radioactive 35S labelled methionine was added to the 
assay. During the 120 min low light recovery period which followed the high light, 
radioactively labelled methionine was incorporated into newly synthesised PS II complexes. 
Aliquots of cells were taken before the high light (-45 time point), after 45 min of high light 
(0 time point), and 10, 30 and 120 min after the high light treatment (to be referred to as the 
10 time point, 30 time point, 120 time point, respectively). The radioactive proteins were 
separated using BN-PAGE and an autoradiograph used to detect the 35S in the separated 
complexes. By comparing the amount of 35S at each of the time points, the rate of methionine 
uptake into newly synthesised proteins can be inferred, providing information on the rate of 




performed to track the amounts of each PS II complex throughout the high/low light 
treatment. 
 In the BN-PAGE (Figure 6.12A) the blue band indicating the PS II dimer is clearly 
visible in each of the time points for the wild type. However, in the F239A strain the band is 
absent in the 0 and 10 time points, before appearing faintly in the 30 time point and more 
strongly in the 120 time point. This pattern is also seen in the F239L strain, where the PS II 
dimer band is absent in the 0 time point, before reappearing faintly in the 10 time point and 
more strongly in the 30 and 120 time points. In the ΔPsbT strain this band disappears in the 0 
time point and does not return for any of the subsequent time points.  These results mirror the 
trends seen in Figure 6.10, suggesting loss of active PS II dimers during high light in the 
F239L and ΔPsbT strains, while the F239A strain is presumably high light sensitive as well, 
as seen in Figure 6.9. It would be expected for this trend to also be present in the western blot 
(Figure 6.12B); however, this is not evident. In the α-D1 western blot, all the strains are 





 Compared to the wild type, all of the mutant strains show stronger bands in the 
autoradiograph 10 min after the high light exposure (10 time point), especially the ΔPsbT 
strain. Comparison becomes more difficult at the later time points as the signal becomes 
saturating; however, it appears that this trend continues, with the mutant strains producing 
darker bands. This shows increased uptake of the 35S-labelled methionine in the mutant 
Figure 6.12. Analysis of protein synthesis during high light conditions. A. BN-PAGE used to separate 
the proteins complexes in solubilised thylakoids at an amount equivalent to 1 µg of chlorophyll a. B. 
α-D1 western blot of the BN-PAGE. C. Autoradiograph detecting 35S radioactivity from the BN-
PAGE. Wild type, F239A, F239  and ΔPsbT cells were collected before high light treatment (-45), 
after 45 min of high light treatment (0), 10 min after high light (10), 30 min after high light (30) or 





strains relative to the wild type, which indicates upregulated levels of PS II repair and/or 
biosynthesis. 
  
6.4 DE loop flexibility 
6.4.1 Bicarbonate effect 
The Phe-239 residue is hypothesised to be involved in ‘locking’ the DE loop in place. 
Mutation of this residue or removal of the PsbT subunit may therefore increase DE loop 
flexibility. As the DE loop lies between the iron-quinone acceptor complex and the cytosol, 







Figure 6.13. Room temperature fluorescence decay assays with bicarbonate and/or formate additions. 
Fluorescence emissions are measured following a single turnover actinic flash illuminating dark-
adapted cells. The strains shown are: (A) control (full black symbols), (B) F239A (empty black 
symbols), ( ) F239  (full blue symbols), (D) ΔPsbT (empty blue symbols). The cells were treated 
with: No treatment (circles), 15 mM bicarbonate (squares), 25 mM formate (triangles), 15 mM 
bicarbonate and 25 mM formate (diamonds). The cells were measured at 2.0 µg.mL-1 chlorophyll a. 





As seen in section 3.3, the control strain was unaffected by bicarbonate or bicarbonate 
and formate; however, the addition of formate alone inhibits fluorescence decay in the control 
strain. The F239A strain displayed slowed fluorescence decay when treated with formate; 
however, treatment with bicarbonate or both bicarbonate and formate, resulted in increased 
rates of fluorescence decay. This suggests that bicarbonate is only bound in some of the 
F239A centres as additional bicarbonate accelerates fluorescence decay, presumably through 
re-ligation of bicarbonate in PS II centres with an unbound non-heme iron. Contrastingly, the 
addition of formate appears to further slow fluorescence decay through the total removal of 
bicarbonate. The apparent partial dissociation of bicarbonate in untreated F239A cells suggest 
that the bicarbonate ligand is more labile in the F239A strain than in the control. This may be 
due to increased DE loop flexibility in this strain facilitating bicarbonate dissociation. The 
F239L strain shows a similar phenotype to the control with all treatments. This indicates that 
in the dark-adapted state at which they were measured, the control and the F239L strain have 
the same bicarbonate binding state. This suggests that during the dark period, the leucine 
residue at position 239 is capable of ‘locking’ the DE loop in place. This may not be the case 
in high light conditions, where the control and F239L strains exhibit different phenotypes. 
The ΔPsbT strain showed a similar pattern to the control strain, with formate causing retarded 
rates of fluorescence decay, while bicarbonate treatment had no effect. This result suggests 
that in a dark-adapted state, all of the ΔPsbT centres have a bicarbonate bound. This result 
was unexpected as removal of the PsbT subunit was predicted to increase DE loop flexibility, 
presumably increasing bicarbonate lability. Therefore, the apparent complete binding of 
bicarbonate in this strain either suggests that the DE loop remains ‘locked’ in place in the 
ΔPsbT strain, or that in dark-adapted conditions DE loop flexibility alone is not sufficient to 




ΔPsbT strain, but its effect on the bicarbonate is mitigated by other consequences of PsbT 
removal.  
Fluorescence induction assays were also performed to observe the effect of 
bicarbonate/formate additions when PS II undergoes multiple turnovers. The fluorescence 
induction measurements (Figure 6.14) were consistent with the fluorescence decay assays. 
An interesting difference, however, is that unlike the control and F239L strains, the addition 
of formate to the F239A and ΔPsbT strains did not result in an elevation in the J-level. This 
suggests that during the fluorescence induction assays the bicarbonate ligand is not bound in 
the F239A and ΔPsbT strains, as a result, the addition of formate has no additional effect on 
QA
- electron transfer as the bicarbonate is already dissociated. Long-lived QA
- species can 
facilitate the dissociation of the bicarbonate ligand (Brinkert et al., 2016). Therefore, as QA
- 
to QB electron transfer is relatively slow in the F239A and ΔPsbT strains, long lived QA
- 
species will form soon after application of the actinic light, causing the bicarbonate ligand to 
rapidly dissociate in fluorescence induction measurements of these strains. This is not 
observed in the fluorescence decay assays as the single actinic flash transiently forms QA
- 
then allows it to be oxidised, unlike the fluorescence induction assays where the constant 
actinic light is able to maintain QA
- in a reduced form over the course of the assay. 
 While the fluorescence results support the hypothesis that DE loop flexibility is 
increased in the F239A strain, bicarbonate binding can be affected by a number of other 
factors. The QA
- redox midpoint potential and the bicarbonate binding state appear to be 
linked (Brinkert et al., 2016). Therefore, as QA
- appears to be stabilised in the F239A and 
ΔPsbT strains (Figure 6.9), this may also have an effect on bicarbonate binding. 





Figure 6.14. Room temperature fluorescence induction assays with bicarbonate and/or formate 
additions. Dark-adapted cells are illuminated with a constant actinic light (455 nm) and measured with 
blue measuring flashes (455 nm). The strains used were: control (A, full black symbols), F239A (B, 
empty black symbols), F239  ( , full blue symbols), ΔPsbT (D, empty blue symbols).  ells were 
treated 3 min prior to measurement with: no treatment (circles), 15 mM bicarbonate (squares), 25 mM 
formate (triangles), 15 mM bicarbonate and 25 mM formate (diamonds). The cells were measured at 





6.4.2 Accessibility of the iron-quinone acceptor complex 
Fu et al. (2017) observed that mutants which increased the accessibility of the iron-
quinone acceptor complex in PS II could evolve oxygen even in the presence of DCMU. This 
is caused by electron acceptors directly oxidising QA
-, even when the QB site is blocked. In 
the X-ray-derived crystal structure (Kern et al., 2019), the DE loop lies above the iron-
quinone acceptor complex. Therefore, movement of the DE loop likely increases the ability 
of electron acceptors to access QA
-. Consequently, oxygen evolution assays were performed 
in the presence of DCMU and the electron acceptor DCBQ. This was to determine if QA
- is 
more accessible in the mutant strains, presumably due to increased DE loop flexibility 
exposing the iron-quinone acceptor complex. DCBQ was used instead of DMBQ as it was 
shown to be better able to oxidise QA
- when the acceptor side of PS II is disrupted by 
mutations (Fu et al., 2017). 
When DCBQ and DCMU were present, the rate of oxygen evolution in the control 
strain drops by 92%, compared to the control rate with DCBQ alone (Figure 6.15A). This 
indicates low QA
- accessibility in the control strain, as when QA
- to QB electron transfer is 
prevented, oxygen evolution is nearly entirely abolished. Conversely, in the F239A strain, the 
addition of DCMU to the oxygen assay in the presence of DCBQ only causes an 18% drop in 
the rate of oxygen evolution (Figure 6.15B). This supports the fluorescence results which 
suggest that DE loop flexibility is increased in the F239A strain, allowing QA
- to be directly 
oxidised by DCBQ even when the QB binding site is blocked. The F239L strain shows a 
similar phenotype to the control, exhibiting an 88% rate reduction when DCMU is added to 
the assay (Figure 6.15C). Finally, the ΔPsbT strain exhibits a 20% rate reduction when 





















Figure 6.15. Oxygen evolution assays in the presence/absence of DCMU. Control (A), F239A (B), 
F239L (C), ΔPsbT D). The cells were treated with 200 µM DCBQ and 1 mM K3Fe(CN)6 (Solid line) 
or 200 µM DCBQ and 1 mM K3Fe(CN)6 and 40 µM DCMU (Dashed line). Cells were measured at 5 
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The Phe-239 residue was mutated to an alanine in the F239A strain to disrupt the 
putative hydrophobic interaction between the Phe-239 residue of D1 and the Pro-27 and Ile-
29 residues of the PsbT subunit. It was hypothesised that without these interactions to ‘lock’ 
the DE loop in place, the DE loop will have increased flexibility. This hypothesis is 
supported by Figure 6.15B, which indicates increased accessibility of the iron-quinone 
acceptor complex in the F239A strain compared to the control; consistent with the hypothesis 
of increased DE loop flexibility exposing the iron-quinone acceptor complex in the F239A 
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Figure 6.16. Diagram of (A) the Control strain, and (B) the F239A strain, highlighting the position 
of the DE loop in each strain under standard conditions. Core proteins D1 and D2 are shown in light 
green and dark green, respectively. The PsbT subunit is shown in yellow. The bicarbonate ligand is 




 The increased DE loop flexibility also appears to weaken the binding of the 
bicarbonate ligand. This is supported by Figures 6.13B and 6.14B, where it is shown by a 
partial recovery of the F239A phenotype in fluorescence decay and induction, following the 
addition of bicarbonate. This can be interpreted as QA
- to QB electron transfer accelerating 
when exogenous bicarbonate is able to re-populate the NHI binding site: implying that a 
considerable fraction of F239A centres do not have a bicarbonate bound to the NHI, even in 
dark adapted conditions. The F239A strain displays slower fluorescence decay than the 
control, even with the addition of exogenous bicarbonate (Figure 6.13). This suggests that the 
slowed QA
- to QB electron transfer is not solely caused by dissociated bicarbonate in the 
F239A strain: suggesting that the mobility of the DE loop can influence QA
- to QB electron 
transfer. This may be due to the DE loop affecting the QA
-
 or QB
- redox midpoint potential. 
Alternatively, this result may be interpreted as incomplete re-population of the bicarbonate 
ligand to the NHI when 15 mM of bicarbonate is added. The slowed rate of fluorescence 
decay in the DCMU treated F239A cells (Figure 6.8) supports the hypothesis that the QA
- 
redox midpoint potential has been altered in the F239A strain: stabilising the S2QA
- charge 
separated state. However, it is currently unclear if this change in QA
- redox potential is due to 
the movement of the DE loop, or the dissociation of the bicarbonate ligand. 
Compared to the control, the F239A strain displayed increased high light sensitivity 
(Figure 6.10). This result may be due to premature dissociation of the bicarbonate ligand. As 
discussed above, the bicarbonate does not appear to be bound to the NHI in a large fraction of 
F239A centres. Bicarbonate dissociation is further encouraged by the formation of long-lived 
QA
- species; as seen by the inability of formate to influence the F239A fluorescence induction 
curve. Therefore, in high light conditions none of the F239A centres will have a bicarbonate 
ligand bound to the NHI. This may be the cause of the slowed rate of F239A growth in high 
light conditions (Figure 6.10), as bicarbonate dissociation slows the rate of QA




transfer. The mutation of the D1:Phe-239 residue in the DE loop appears to have introduced 
flexibility into the DE loop; therefore, I hypothesise that damage to the DE loop by ROS 
generated in high light conditions may also increase the DE loop flexibility by altering the 
loop dynamics until the interaction between D1:Phe-239 and the hydrophobic pocket of PsbT 
is broken. It is important to note that the DE loop is the most frequently damaged region of 
PS II. This assumption would support a model for damage limitation in the wild type, 
whereby, photodamage to the DE loop introduces flexibility, exposing the iron-quinone 
acceptor complex, facilitating bicarbonate dissociation. The dissociation of the bicarbonate 
shifts the redox potential of QA
-, slowing forward electron transfer, and encouraging safe QA
- 
charge recombination, limiting ROS production (Allen and Nield, 2017). If this model is 
accurate, then in high light, all PS II centres in the F239A cells will enter the bicarbonate-
dissociated low-productivity state, while in the wild type, only damaged centres will enter 
this state. This can explain the low rate of F239A growth in high light. 
The F239A strain showed increased synthesis of PS II proteins following high light 
treatment (Figure 6.12C). The increased amount of RC47 complex observed in the F239A 
strain relative to the wild type, may indicate upregulated PS II biosynthesis or PS II repair or 
both, as both processes feature RC47 as an intermediate complex. The increase in PS II 
protein synthesis may simply be due to upregulated PS II biosynthesis to compensate for the 
low activity of F239A PS II centres in high light due to the dissociation of bicarbonate, as 
discussed above. Alternatively, increased synthesis of PS II proteins in the F239A strain 
following high light could be interpreted as premature initiation of the PS II repair cycle. It is 
currently unclear what mechanism initiates the PS II repair cycle in damaged PS II centres. If 
photodamage to the DE loop results in increased DE loop flexibility, as hypothesised above, 
then an unrestrained DE loop may provide the signal for PS II repair to occur. This would 




the PS II repair cycle due to DE loop flexibility. Another possibility is that the mutation has 
affected the QA
- redox potential. The redox potential of QA
- can influence the formation of 
3[P680+Pheo-], which leads to ROS production. Therefore the mutation of Phe-239 to alanine 
may increase ROS production by stimulating 3[P680+Pheo-] formation, causing PS II repair to 
be upregulated as a response to the ROS damage. However, this scenario is unlikely, as the 
D1-239 residue is approximately 21 Å from QA, and therefore, unlikely to directly affect its 
redox potential. Furthermore, if DE loop flexibility and bicarbonate dissociation occur in 
tandem, as predicted in the model described above, then it is unlikely that the two processes 
would interfere leading to increased ROS production. Further experimentation is required to 




The Phe-239 residue was mutated to a leucine in the F239L strain to investigate the 
effects of reducing the hydrophobic interactions between the Phe-239 residue of D1 and the 
Pro-27 and Ile-29 residues of the PsbT subunit without fully abolishing them. In the absence 
of high light, the F239L strain behaves like the control, supporting the hypothesis that 
without high light stress, the leucine in the D1:239 position is capable of restricting DE loop 
movement, and maintaining bicarbonate binding to the NHI.  
The F239L strain showed sensitivity to high light. In high light conditions the F239A 
and F239L strains grow at a similar rate (Figure 6.10). As the putative interaction between 
the DE loop and PsbT is weakened in the F239L strain, then it is likely that even small 
amounts of damage to the DE loop will result in disruption of this interaction, leading to 








This result suggests a model for wild-type damage limitation whereby, the DE loop 
can tolerate damage, until the altered loop dynamics are able to overcome the interactions 
‘locking’ the DE loop in place, at which point the DE loop becomes unrestrained, and 
bicarbonate dissociates, shifting the damaged centre into a low-productivity, low-damage 
state. Malfunctioning PS II centres can be a source of ROS, therefore, this model provides a 
mechanism for the suppression of PS II activity in damaged centres, limiting ROS 
production.  During high light treatment, the oxygen evolution rate of F239L dropped (Figure 
6.11), while the amount of PS II dimers and monomers remained relatively constant (Figure 
Figure 6.17. Diagram of the effects of moderate and intense photodamage on the DE loop flexibility of 
(A) the Control strain, and (B) the F239L strain. Core proteins D1 and D2 are shown in light green and 
dark green, respectively. The PsbT subunit is shown in yellow. The bicarbonate ligand is shown as 
connected red and white circles. 
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6.12B). This result supports the hypothesis that the suppression of oxygen evolution in high 
light is due to bicarbonate dissociation, shifting F239L centres into a low-productivity low-
damage state: and not due to increased rates of damage in the F239L strain. Interestingly, 
while the western blot (Figure 6.12B) indicates constant levels of PS II dimers during the 
high light treatment, the PS II dimer band in the BN-PAGE is noticeably reduced over the 
high light treatment and increases over the low light recovery. This result suggests the light 
energy in these PS II centres is being quenched. High light inducible proteins have been 
shown to bind to PS II intermediates in PS II assembly and PS II repair (Komenda and 
Sobotka, 2016), quenching excitation energy in these complexes. Therefore, the reduction of 
the PS II dimer band in the BN-PAGE may be due to the binding of high light inducible 
proteins to F239L centres which have a flexible DE loop and a dissociated bicarbonate 
ligand. This hypothesis can also apply to the F239A strain which also displayed a reduced PS 
II dimer band following high light in the BN-PAGE, while the western blot remained 
consistent over the high light treatment. The cause of the  increased rate of PS II protein 
synthesis observed in the F239L strain (Figure 6.12C) is likely to be one of the options 
discussed above for the F239A strain. Namely, either, increased synthesis to compensate for 
the reduced PS II function in high light, or increased PS II repair due to premature recycling 
of F239L centres which have sustained minimal damage. 
 
 6.5.3 Δ sbT 
The results for the ΔPsbT strain supported the results from previous studies (Bentley 
et al., 2008). The oxygen evolution and fluorescence results showed that the ΔPsbT strain had 
greater PS II activity than the F239A strain. This is an unusual result, considering that the 
interaction between the Phe-239 residue in D1 and the Pro-29 and Ile-29 residues of PsbT are 




interaction between D1 and PsbT are mitigated by the removal of other PsbT interactions. 
This is potentially due to the removal of the putative interaction between PsbT and CP43 on 
the donor side of PS II. This hypothesis is supported by the increased intermediate phase of 
the DCMU treated ΔPsbT strain, which suggests slowed electron transfer from the Mn- 
cluster to P680+: indicating that the removal of PsbT also has donor side effects. This makes 
it difficult to directly compare the D1:Phe-239 point mutant strains with the ΔPsbT strain. 
Despite showing elevated PS II function compared to the F239A strain, the ΔPsbT 
strain was more susceptible to high light than the F239A strain. This is likely to be a 
combination of increased DE loop flexibility in the ΔPsbT strain, as well as the removal of 
additional putative photoprotective roles of the PsbT subunit. 
 
6.5.4 Conclusion 
In summary, the disruption of the interaction between the Phe-239 residue of D1 and 
the Pro-27 and Ile-29 residues of the PsbT subunit affects QA
- to QB electron transfer and 
high light sensitivity. The interaction between the D1 and PsbT residues appears to play a 
role in restricting movement of the DE loop, which in turn inhibits bicarbonate dissociation. 
The stimulation of bicarbonate dissociation appears to be the cause of the mutant phenotypes. 
In combination, these results provide evidence supporting a model for bicarbonate-mediated 








Chapter 7  
Discussion 
7.1 Introduction 
 The purpose of this study was to investigate the role of the bicarbonate ligand of the 
non-heme iron. To study the role of the bicarbonate, the bicarbonate binding environment 
was disrupted using targeted mutagenesis. In nearly every case, disruption of the bicarbonate 
environment affected QA
- to QB electron transfer rates, QB
-/QB(H)
- protonation and the 
sensitivity of the strains to high light conditions. Further mutations affecting the DE loop 
provided useful information on the process of PS II repair following photodamage. The 
conclusions drawn from these mutagenesis studies indicate that the reason for the evolution 
of the bicarbonate ligand in oxygenic photosynthesis, in place of the glutamate residue 
present in anoxygenic photosynthesis, was to introduce a photoprotective mechanism which 
can respond to high-light conditions. 
 
7.2 The role of the bicarbonate in acceptor side electron transfer 
 As discussed in section 1.3.3, the rate of electron transfer is influenced by the 
difference in the redox midpoint potential of the two redox cofactors. Therefore, the redox 
midpoint potential of the QA/QA
- and QB/QB
-couples affects the rate of acceptor side electron 
transfer, and the midpoint potentials of the QA/QA
- and QB/QB
-, couples are greatly influenced 
by the surrounding protein environment. Nearly every mutation in the bicarbonate 
environment showed retarded QA
- to QB electron transfer to some extent. As the mutations 
only change a single amino acid, the temperature, QA
 to QB distance and reorganization 





- to QB electron transfer is presumably due to changes in the QA/QA
- and/or QB/QB
- 
redox potentials (Marcus and Sutin, 1985). The fact that nearly every mutation to the 
bicarbonate environment was detrimental, suggests that the bicarbonate environment is 
perfectly tuned to its function. This is supported by the extremely high conservation of the D1 
amino acid sequence (Figure 1.10), which implies that random mutations in D1 incur a strong 
de-selection pressure.  
 All of the mutations in the bicarbonate environment are also proximal to either QA or 
QB making it difficult to determine if the slowed electron transfer rate is due to direct 
modulation of QA/QA
- or QB/QB
- redox potentials by the mutations, or if the mutations are 
only affecting the bicarbonate, which is subsequently affecting the redox potentials of QA/QA
- 
or QB/QB
-. The hydrophobicity of the bicarbonate environment also appears to affect PS II 
function. This is made evident in the V219A strain which showed reduced QA
- to QB electron 
transfer rates. The hydrophobicity of the local environment can affect local pH and water 
accessibility, which can have an impact on the redox midpoint potentials of the PS II 
cofactors. The V219I strain was one mutation which appeared to exhibit accelerated QA
- to 
QB electron transfer, however, this coincided with increased high light sensitivity. This 
suggests that PS II evolved to find a balance between having high rates of electron transfer, 
and high rates of photodamage. 
 
7.3 The role of the bicarbonate in plastoquinone protonation 
 It is hypothesized that following protonation of QB2-(H+) by D1:His-215, the 
bicarbonate ligand neutralizes the anionic D1:His-215 residue (Saito et al., 2013). The 
neutralization of anionic D1:His-215 appears to be essential for efficient QB exchange 




cytosol via a hydrogen bonding network (Umena et al., 2011; Shevela et al., 2012). This 
hydrogen bonding network is hypothesized to supply protons from the cytosol to the 
bicarbonate, re-protonating the bicarbonate ligand, following donation of the bicarbonate 
proton to the anionic D1:His-215 residue. Therefore, the replenishment of the bicarbonate 
ligand by the hydrogen bonding network is considered to be essential for sustainable QB
2-(H+) 
protonation. This is the first mutagenic study performed to test this model for QB
2-(H+) 
protonation, and the results of this study appear to support the model. 
In the E244A strain, the mutation of the glutamic acid residue and the putative re-
positioning of the bound waters (water 582 and 622; Suga et al., 2015, PDB:4UB6) appears 
to disrupt the hydrogen binding network, as the dissociation of the bicarbonate ligand appears 
to cause no additional inhibition. However, while QB exchange is considerably slowed in the 
E244A strain, it is not prevented. This suggests that in E244A centres, the iron-quinone 
acceptor complex is disrupted such that QB
2-(H+) is not protonated by the bicarbonate. Based 
on the results of this thesis, a potential proton donor in the E244A strain may be the D1:Ser-
268 ligand. 
 The D1:Ser-268 ligand is implicated as a potential proton donor to D1:His-215, 
because when bicarbonate and the D1:Ser-268 residue are removed, i.e. in the formate-treated 
S268A strain, oxygen evolution is abolished. This indicates that if D1:His-215 cannot be 
protonated by either the bicarbonate, or the D1:Ser-268 residue, then PS II cannot continue to 
function. Following protonation of D1:His-215, the D1:Ser-268 residue is presumably also 
replenished by protons from the hydrogen bonding network. As the D1:Ser-268 residue is 
located closer to the cytosol than the bicarbonate, the disruption to the hydrogen bonding 












7.4 The role of the bicarbonate in photodamage limitation 
  As discussed in section 1.4.2, a major pathway for photodamage is the production of 
singlet oxygen via the charge recombination of 3[P680+Pheo-]. This pathway is accelerated in 
the presence of long-lived QA
-, as QA
- can reduce Pheo to triplet Pheo- (Vass and Cser, 2009). 
It is hypothesized that production of singlet oxygen through this pathway is reduced by 
stabilizing QA
- via the dissociation of bicarbonate (Allen and Nield, 2017). The stabilization 
of QA
- widens the energy gap between Pheo and QA
-, reducing the rate of Pheo reduction by 
Figure 7.1. Proposed pathway for the protonation of QB by the D1:Ser-268 residue. Image generated 
from PDB 4UB6. The non-heme iron is shown as an orange ball. The QA and QB quinones are shown 
in yellow and green, respectively. D1 residues are shown in blue, D2 residues are shown in red. The 
D1:Val-219 residue is emphasized in darker blue. The water molecules are shown as red spheres and 
the oxygen atoms in the amino acids, quinones and bicarbonate are also shown in red. Nitrogen atoms 
are shown in dark blue. The putative hydrogen bonds are shown with black dotted lines. Proposed 
path for the proton is shown as red dotted arrows, with relevant distances shown alongside. 
3.1 Å 





- (Brinkert et al., 2016), reducing the rate of triplet Pheo- formation. The ability of 
bicarbonate to modulate  the QA/QA
-  redox midpoint potential, along with the observation 
that long-lived QA
- species can facilitate bicarbonate dissociation have led to the proposal of a 
model for bicarbonate-mediated damage limitation. High light conditions form long lived QA
- 
species, which can be damaging, as discussed above. However, long lived QA
- species induce 
bicarbonate dissociation, making the redox midpoint potential of QA
- more positive, limiting 
Pheo reduction by QA
-, resulting in decreased production of ROS in high light conditions 
(Brinkert et al., 2016; Allen and Nield, 2017).  
 The results of this study support this model as most of the mutant strains exhibited 
slowed QA
- to QB electron transfer, leading to long lived QA
- species, which may facilitate 
rapid bicarbonate dissociation, lowering PS II activity in the mutant strains, due to slowed 
QA
- to QB transfer and inhibited QB protonation in the centres which lack the bicarbonate 
ligand. Additionally, long lived QA
- species are a risk factor for ROS damage, as they can 
form triplet Pheo- or QA
- which can directly interact with oxygen to form superoxide 
(Pospisil, 2016). Furthermore, as discussed above, the V219I strain demonstrated increased 
high light sensitivity. This was interpreted as being due to increased ROS damage due to 
destabilised QA
- in the V219I strain facilitating 3[P680+Pheo-] formation. 
Either way, the disruption of the bicarbonate binding site generally leads to increased high 
light sensitivity. An exception to this rule is the E244A strain, which demonstrated increased 
high light tolerance compared to the control. This appears to be due to the stabilised QA
- 
observed in the thermoluminescence assay of the E244A strain. The stabilisation of QA
- by 
mutation of D1:Glu-244 to alanine will likely reduce ROS by  preventing 3[P680+Pheo-] 
formation, in the same mechanism as bicarbonate-mediated QA
-
 stabilisation; however, unlike 
the bicarbonate-mediated system, in the E244A strain, QA




7.5 A proposed model for the repair of damaged PS II 
  The F239A and F239L strains (discussed in chapter 6), provided evidence supporting 
the hypothesis that DE loop flexibility could influence bicarbonate dissociation. Furthermore, 
the increased synthesis of PS II proteins in the F239A and F239L strains following high light 
could be due to upregulation of the repair cycle, although it cannot be discounted that the 
increased protein synthesis may also be due to upregulated PS II biosynthesis. However, the 
results of the DE loop mutants have led to the postulation of a potential model for the 
initiation of PS II repair on damaged PS II centres. The molecular pathway for this model is 






Figure 7.2. Proposed model for repair of damaged PS II centres. Core proteins D1 and D2 are shown 
in light green and dark green, respectively. The PsbT subunit is shown in yellow. The phycobilisome 
is represented as phycobiliproteins (blue and red), surrounding the terminal emitted proteins (yellow). 
The high light inducible protein is shown in purple. PS II cofactors within D1 and D2 are labelled, 
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2. - DE loop mobilizes 
    - Bicarbonate dissociates 
    - Phycobilisome dissociates 
3. High light inducible 
proteins binds 
4. Damaged centres 




The proposed model for the repair of damaged PS II centres begins with photodamage 
occurring to the DE loop. As discussed in section 1.4.3 the DE loop is the most frequently 
damaged region of PS II (Kyle et al., 1984; Jansen et al., 2001). Damage to the DE loop will 
affect the loop dynamics. As damage accumulates, eventually the damaged DE loop will 
break its interaction with PsbT, increasing DE loop flexibility. In this model, increased DE 
loop flexibility is hypothesized to cause the damaged PS II to detach from any associated 
phycobilisome or supercomplex. Additionally, as seen in the F239A strain, DE loop 
flexibility results in bicarbonate dissociation. Consequently, the damaged PS II centres will 
enter a low-productivity, low-damage state. High-light inducible proteins have been shown to 
bind to damaged PS II centres (Sinha et al., 2012). Consequently, in this model, the 
detachment from the phycobilisome is hypothesized to induce binding of high-light inducible 
proteins. This will result in the quenching of excitation energy in the damaged PS II centres, 
further reducing the risk of ROS production via side reactions in the damaged PS II centre. 
This hypothesis is supported by the western blot of the control, F239A, F239L and ΔPsbT 
strains (Figure 6.12B), which indicated that despite a drop is PS II activity, high light 
treatment does not significantly alter the amount of PS II centres in these strains. This 
suggests that a quenching mechanism is active when high light stress is applied to these 
strains. Furthermore, the disappearance of the PS II dimer band in the BN-PAGE, 
corresponding to the western blot (Figure 6.12A) as well as the diminished variable 
fluorescence observed in the wild type and ΔPsbT strains following high light (Appendix I), 
also indicate the presence of a quenching mechanism. At this point, damaged centres are 
hypothesized to enter the PS II repair cycle. As discussed in chapter 6, the F239A and F239L 
strains are hypothesized to enter the PS II cycle pre-maturely, i.e. before the accumulation of 
photodamage in the DE loop, due to the weakened interaction between the DE loop and PsbT 




synthesis, as observed in the radiolabeled methionine pulse-chase experiments of the F239A 
and F239L strains (Figure 6.12). 
 
7.6 Conclusion 
 To conclude, this mutagenic study of the bicarbonate environment has supported the 
previous hypotheses that bicarbonate plays in important role in the tuning of the iron-quinone 
acceptor complex to facilitate efficient QA
- to QB electron transfer and appears to be involved 
in the second protonation of QB. Furthermore, this study has also provided evidence 
supporting the putative mechanism of bicarbonate-mediated ROS limitation, through 
modulation of the QA
- redox potential. Additionally, the disruption of the interaction between 
the DE loop and PsbT, provided information concerning the mechanism of PS II repair, 
following photodamage. 
 
7.7 Future experiments 
 The E244A strain displayed arguably the most interesting phenotypes, consequently, 
further mutation of the D1:Glu-244 to alternative residues would be informative. 
Additionally, experimental verification of the proposed model for PS II repair is required, of 
particular interest would be mass spectrometry analyses of the control strain following high 
light treatment, to investigate if high-light inducible proteins are attached to the PS II 
dimers/monomers and RC47 complexes. Finally, 2D PAGE analysis of radioactively labeled 
PS II proteins from the F239A and F239L strains would allow for separation of the PS II 
repair and PS II biosynthesis cycles, as PS II repair only requires D1 synthesis. This 
experiment could provide evidence supporting the hypothesis that DE loop flexibility causes 




using histidine-mediated chemical trapping (Rehman et al., 2013) would also provide further 
evidence to support the role that the bicarbonate plays in ROS limitation. 
 In addition to the publications shown in Appendix II and Appendix XII, I intend to 
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Appendix I  
Δ sbT phe   ypes i  a GT-O2 background 
 Experiments were performed on the GT-O2 substrain of Synechocystis 6803 (Morris 
et al., 2014), and a PsbT knockout of the mutant of the GT-O2 strain (hereafter referred to as 
ΔPsbT(GT-O2). The experiments on the GT-O2 wild type and ΔPsbT(GT-O2) strains follow 
on from previous experiments performed on these strains in the Eaton-Rye lab (Bentley et al., 




 Thermoluminescence can be used to determine the redox midpoint potentials of QA- 
and QB
- as described in section 4.3.5. Comparison of the GT-O2 wild type and ΔPsbT(GT-














The Thermoluminescence data show the B-band (Figure I.IA) in the ΔPsbT(GT-O2) 
strain is at a lower temperature than the GT-O2 wild type, indicating the redox midpoint 
potential of QB is more negative in the ΔPsbT(GT-O2) strain than in the GT-O2 wild type. In 
the presence of DCMU (Figure I.IB), the Q-band of the ΔPsbT(GT-O2) strain is lower than in 
the control, indicating the redox midpoint potential of QA is more negative in the ΔPsbT(GT-
O2) strain than in the GT-O2 wild type. Additionally, the amplitude of the Q-band is also 
dramatically higher in the ΔPsbT(GT-O2) strain than in the control. The release of 
thermoluminescence from decaying PS II centres only represents a minor decay pathway. 
The majority of excited PS II centres decay via non-radiative pathways (Rappaport and 
Lavergne, 2009). Therefore, the increased amplitude of the ΔPsbT(GT-O2) Q-band suggests 
a shift in the ratios of the various decay pathways, favouring radiative decay. The ΔPsbT 





















































Figure I.I. Thermoluminescence emission from Synechocystis 6803 cells. Thermoluminescence with 
no addition (A) or 40 µM DCMU addition (B) is shown for the GT-O2 wild type (full black line), and 




putative increase in the flux through the radiative decay pathway in ΔPsbT(GT-O2) may be 
due to differences in the donor side of the wild type and ΔPsbT(GT-O2). 
 
I.II. Rate of PS II repair 
To investigate the effect that removal of the PsbT subunit has on PS II repair 
radioactively labelled thylakoids from the GT-O2 wild type and ΔPsbT(GT-O2) strains were 
separated as described in section 3.3.3. However, unlike section 3.3.3, selected lanes from the 
BN-PAGE have been run on a second dimension to track the uptake of radioactively labelled 




































Wild type ΔPsbT Wild type ΔPsbT 
B 
A 
Figure I.II. Pulse chase assay of radiolabelled proteins in wild type and ΔPsbT(GT-O2). (A) BN-
PAGE gel (left) of radioactively labelled solubilised thylakoids from GT-O2 wild type and 
ΔPsbT(GT-O2)  at an amount equivalent to 1 µg of chlorophyll a. The autoradiograph of the blue-
native gel also shown (right). The thylakoids were extracted from wild type or ΔPsbT cells after no 
high light (-45 lane), 45 min of high light (0 lane) or 45 min of high light followed by 10, 30 or 120 
min of low light (10 lane, 30 lane, 120 lane, respectively). The bands of the major protein complexes 
are indicated with dotted lines and labelled. (B). Autoradiograph of two dimensional PAGE gels using 
lanes excised from the gel in panel A. The lane used for the 2nd dimension separation (lane from the 
BN-PAGE) is shown above each autoradiograph of the two dimensional gels. Protein complexes were 
separated with 0.1% SDS. Major protein subunits are indicated with solid black lines and labelled. 




The autoradiographic films show increased uptake of radioactively labelled 
methionine in the ΔPsbT(GT-O2) strain compared to the GT-O2 wild type, indicating 
elevated rates of PS II repair or biogenesis in the ΔPsbT(GT-O2) strain. The second 
dimension showed that initially the radioactive label is only found in the D1 subunit. This 
suggests that in the first 10 min after the addition of the radiolabel only PS II repair is 
occurring, as D1 appears to be the only protein being synthesised at any considerable 
quantity. However, after 30 min the label can be found in all of the major PS II subunits, 
indicating that after 30 min, PS II biosynthesis is also occurring. 
 
I.III. Photoinhibtion of fluorescence 
Photoinhibition investigated in the GT-O2 wild type and the ΔPsbT(GT-O2) strains 






































































































































































































































































































































































































































































































The variable fluorescence for the GT-O2 wild type dropped for all treatments to 
approximately 60% during the high light treatment. Alternatively, the ΔPsbT(GT-O2) 
variable fluorescence dropped to approximately 30% of its initial value over the high light 
treatment. Furthermore, the wild type was able to rapidly recover, while the ΔPsbT(GT-O2) 




















Appendix II  


























































Appendix III  
R-Script for fluorescence decay kinetic modelling 
#Simon Jackson 2013 **Not for distribution** 
#******* You must export data without the header ********** 
#******* Only one file (.txt) can be run at a time ******** 





#********************** Script Section ************************* 
#*************************************************************** 
#Read list of spectra (.txt) files in directory 
filenames<-list.files(pattern='*.txt', ignore.case=TRUE) 
#filenames #Debugging 




for (i in 1:length(filenames)){ 
  for (j in 1:1){     
    #Jol=0.5 
    #j<-Jol  
    Jol=j/10-0.1 
#i=1 
#Load raw data 
Raw_Data=read.table(filenames[i],skip = 4) #Read data but skip the header (5 rows) 
#Raw_Data #Debugging 
#Load in Sample names 
  Samples_Raw=read.table(filenames[i],nrows=1) #4th row of file has the sample names 
  Number_Of_Samples=ncol(Raw_Data) 
  Sample_Names=matrix(nrow=1,ncol=Number_Of_Samples) 




     Sample_Names[1,c]<-as.character(Samples_Raw[1,c]) 
#Make an array for the post flash fluorescence data 
Raw_Fluorescence_Array=matrix(nrow=Number_Post_Flash_Data_Points,ncol=Number_Of_Samples) 
colnames(Raw_Fluorescence_Array)=Sample_Names #Add sample names to the array 
#Add time information to column number 1 ->subtract 0.001 starting point !!!!!!!!!!!!!1 
for (d in 1:Number_Post_Flash_Data_Points){ 
#  Raw_Fluorescence_Array[d,1]<-(Raw_Data[d+4,1]-0.001) 
  Raw_Fluorescence_Array[d,1]<-(Raw_Data[d,1]-(.000027)) ##Subtract flash width 
} 
#Add other data as is 
for (c in 2:Number_Of_Samples){ 
  for (d in 1:Number_Post_Flash_Data_Points){ 
    Raw_Fluorescence_Array[d,c]<-Raw_Data[d,c]    




#Graph Fo minus data 
plot(Sub_Fo_Array[,1],Sub_Fo_Array[,2], type="l",log = "x",ylim=c(0, 1)) 
for (e in 3:ncol(Sub_Fo_Array)) 
  lines(Sub_Fo_Array[,1],Sub_Fo_Array[,e]) 
Sub_Fo_Array 
#Output data to a csv file 
dir.create("Output", showWarnings = FALSE, recursive = FALSE) 
#Curve Fitting and Kinetic Analysis - DCMU Only 
#Formula an exponential decay function 
Exponential_Decay<-function(Timepoint,a,k){ 




  a/(1+Timepoint/k) 
} 
#Sum of all components gives the simulated decay - need to fit this to data 
Simulated_Decay<-function(Timepoint,a1,k1,a2,k2,c,a3,k3){ 




      Hyperbolic_Decay(Timepoint,a2,k2)+ 
      Exponential_Decay(Timepoint,a3,k3)+ 
        c 
    Flu<-(((1-Jol)*Qa)/(1-Qa*Jol)) ## Joliot correction 
    Flu 
} 




#**********************## Curve Fitting Section***********************************8 
Fit_Data<-function(Curve_Number,FmCorr,JCorr){       
Fluor<-(Sub_Fo_Array[First_Point_To_Use:Last_Point,Curve_Number]) 
x<-(Sub_Fo_Array[First_Point_To_Use:Last_Point,1]) 
#x # Debugging 
Qa_Real<-(Fluor)/(1-Jol+Fluor*Jol) ## Convert fluorescence to Qa oxidation state (reverse J correction) 
#Make a graph, add unnormalised, Fm_Norm, JoliotCorrected 
plot(x,Fluor, type="l",log = "x",ylim=c(0, 1)) 
title(main=paste(samplenames[i], Sample_Names[Curve_Number],"J",j, sep="_")) 
lines(x,  Qa_Real, lty = 1, col = "blue") 
lines(x, Fluor, lty = 1, col = "black") 
##Debugging start parameters 
#lines(x, Simulated_Decay(x,0.1,0.9,0.0001,1,0.05), lty = 1, col = "magenta") 
#lines(x, Exponential_Decay(x,0.05,0.001), lty = 1, col = "magenta") 
#lines(x, Hyperbolic_Decay(x,1,1), lty = 1, col = "green") 
  # Change data to a data frame 
  Data_To_Fit <- data.frame(x = x, y = Fluor) 
  #Debugging - print the data series   
  Model_Spectra <- nls(y ~ Simulated_Decay(x,a1,k1,a2,k2,c,a3,k3), 
                       data = Data_To_Fit, start = Start_params, trace = T, 
                       algorithm="port", 
                       upper=Upper_params, 
                       lower=Lower_params, 
                       control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/5000, 
                                           printEval = FALSE, warnOnly = TRUE) )   




   
   
 # plot(Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
  #     xlim=c(100, 300), ylim=c(0, 100))   
  #Extract fitted values 
  Fit_Parameters<-coef(Model_Spectra) 
# Fit_Parameters Debugging 
  #Draw the baseline on the graph 
  #lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b3"]),col="green") 
  #Draw each individual peak on the graph 
    lines(x,(Exponential_Decay(x,Fit_Parameters[1],Fit_Parameters[2])+Fit_Parameters[5]),col="red") 
lines(x,((Hyperbolic_Decay(x,Fit_Parameters[3],Fit_Parameters[4]))+Fit_Parameters[5]),col="green") 
lines(x,(Exponential_Decay(x,Fit_Parameters[6],Fit_Parameters[7])+Fit_Parameters[5]),col="black") 
#Draw simulated spectra on graph 
lines(x,  fitted(Model_Spectra), lty = 1, col = "magenta") 
# Straight line for constant (c) 
abline(h=Fit_Parameters[5], untf = FALSE, col = "blue") 
#Plot residuals data 
residual<-(Fluor-fitted(Model_Spectra))*10+0.5 
#residual debugging 
lines(x,residual, lty = 1, col = "black") 











#dev.copy(device = png, filename = paste("Output/Plot", samplenames[i], 







} # ************************ End of curve fitting Function **************************** 
#Fit an individual spectrum 
#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(a1=0.6,k1=0.0005,a2=0.05,k2=2,c=0.0,a3=0.3,k3=0.015)) #k1 is in ms, k2 in s k3 is ms (k1 
= fast, k2 =slow!!, k3= middle!!) 
Upper_params<-(list(a1=0.95,k1=0.003,a2=1,k2=30,c=0.0,a3=0.8,k3=0.1)) 
Lower_params<-(list(a1=0,k1=0.0001,a2=0.02,k2=1,c=0,a3=0.01,k3=0.001)) 




for (c in 2:Number_Of_Samples){ 







for (d in 2:(Number_Of_Samples)){ 
  rownames(Parameter_Array)[d]<-Sample_Names[d] 
} 
Parameter_Array 








































Appendix IV  
Bicarbonate and formate titrations 
To investigate the bicarbonate binding affinity in the mutants used in this study, 
exogenous bicarbonate and formate were added to assays to either depopulate or repopulate 
the bicarbonate binding site. Titrations were performed to determine the optimal 
concentrations at which to add the exogenous bicarbonate or formate.  
 
IV.I. Bicarbonate titration 
 Bicarbonate titrations were performed by removing the bicarbonate ligand from 
thylakoids membranes by bubbling with nitrogen at pH. 6.0 as described in section 2.4.16. 
The rate of oxygen evolution was then measured for the thylakoid membranes along with the 
addition of exogenous bicarbonate at various concentrations. The results of the bicarbonate 
























The bicarbonate titration shows that 15 mM of bicarbonate is sufficient to repopulate 
the bicarbonate ligand to the non-heme iron in bicarbonate depleted thylakoids. 
Consequently, 15 mM bicarbonate was used for repopulation assays in this study. 
 
II.II. Formate titration 
Formate titrations were performed on whole cell by adding various concentrations of 
exogenous formate to fluorescence decay assays to observe the effect of increasing formate 
concentrations on the inhibition of fluorescence decay. The point at 5 ms after the actinic 











































































































A B C 
Figure IV.I. Bicarbonate titration. GT- 2 wild type (A) and ΔPsbT(GT-O2) (B) rates of oxygen 
evolution for thylakoid membranes with exogenous bicarbonate additions. The concentration of 
bicarbonate is shown on the right of each oxygen evolution trace. Oxygen evolution was measured in 
the presence of 200 µM DMBQ and 1 mM K3Fe(CN)6. Thylakoids were measured at a chlorophyll a 
concentration of 5 µg.mL-1. (C) Comparison of the initial rates of oxygen evolution in the GT-O2 wild 
type (black circles) and ΔPsbT(GT-O2) (blue circles). Initial rates were calculated from the rates in 





the fluorescence at 5 ms was used to determine the extent of formate inhibition in the formate 
titration. The results of the formate titration for the GT-O2 wild type and ΔPsbT(GT-O2) 













The formate titration showed that formate inhibition begins to occur at approximately 
5 mM and does not reach a maximum in the range measured (0.1 mM – 500 mM). Twenty-
five millimoles was chosen as the concentration of formate to add in depopulation assays, as 
25 mM of formate causes considerable inhibition of fluorescence decay, while it is assumed 
that this inhibition is due to removal of the bound bicarbonate (Govindjee et al., 1991). The 
higher formate concentrations are so far out of any feasible physiological range that, the 
formate may be inhibiting PS II via alternative inhibition mechanisms.  




























































A B C 
Figure IV.II. Formate titration. GT-O2 wild type (A) and ΔPsbT(GT-O2) (B) fluorescence decay with  
a single actinic flash and exogenous formate additions. For the GT-O2 wild type (A, grey lines) the 
darker shades of grey, qualitatively depict increasing formate concentrations. For the ΔPsbT(GT-O2) 
(B, blue lines) the darker shades of blue, qualitatively depict increasing formate concentrations.  Cells 
were measured at a chlorphyll a concentration of 2 µg.mL-1. (C) Comparison of the fluorescence at 5 ms 
for the GT- 2 wild type (black circles) and ΔPsbT(GT-O2) (blue circles). Error bars represent the 

























Appendix V  
Comparison of the wild type and control strains 
The physiological measurements for the wild type and the control were compared to 
determine if there was any differences between these two strains. The results are shown in 
Figure V.I. 
Comparison of the wild type and control showed no appreciable difference in any of 
the physiological measurements except for the high/low light time course. In the high/low 
light time course (Figure V.I F). The control showed slightly greater high light sensitivity 
than the wild type. This may be due to the absence of psbA3 in the control which is expressed 




























Figure V.I. Wild type and control strain comparison. Wild type (Black) and control (blue) results for: 
(A) photoautotrophic growth curve at 30 µE.m-2.s-1 and 30 oC; (B) photoautotrophic growth curve at 
200 µE.m-2.s-1 and 30 oC; (C) low-temperature fluorescence emission spectra with excitation at 440 
nm and normalised to PS I (725 nm) peak; (D) low-temperature fluorescence emission spectra with 
excitation at 580 nm and normalised to PS I (725 nm) peak; (E) oxygen evolution assay in the 
presence of 200 µM DMBQ and 1 mM K3Fe(CN)6 with cells measured at a chlorophyll a 
concentration of 5 µg.mL-1; (F) high light (1500 µE.m-2.s-1) and low light (30 µE.m-2.s-1) time course 
with oxygen evolution determined in the presence of 200 µM DMBQ and 1 mM K3Fe(CN)6 measured 
every 20 min and with oxygen rates normalised to the T=0 rate (Error bars represent standard error 
calculated from at least 3 experiments); (G) fluorescence decay after a single actinic flash with no 
addition (full circles) and 40 µM DCMU (empty circles) where cells were measured at a chlorophyll a 
concentration of 2 µg.mL-1; (H) fluorescence decay after a single actinic flash with 15 mM 
bicarbonate addition (full circles) or 25 mM formate (empty circles) with cells measured at a 




Appendix VI  
Physiological measurement replicates 
VI.I. Growth Curve 
Growth curve data displayed in the thesis was the average of at least 3 independent 
growth curve repeats. All repeats were initiated from different liquid cultures i.e. the repeats 
were biological replicates not technical replicates. An example of the biological replicates for 
the Control growth curve is shown in Figure VI.IA. Doubling times were estimated from the 
exponential phase growth phase. The exponential phase growth rate was extrapolated and the 
time taken to grow from an OD730 of 1 to an OD730 of 2 at this rate was used to estimate the 




















































Figure VI.I. (A) Growth curves from 4 different biological replicates of the Control strain are shown as 
blue empty circles. The average of the biological replicates is shown as full black circles. Error bars 
represent the standard error calculated from the biological replicates. (B) Doubling time estimation 
based on the average doubling time of the Control stain. Black full circles show the Control strain 
growth curve. Blue dotted line represents the extrapolation of growth rate of the exponential phase. 
Black dotted lines show the estimation of the time taken to reach OD730 of 1 (t1) and the time taken to 




VI.II. Oxygen evolution 
For each strain, the oxygen evolution replicate with the median rate of oxygen 
evolution was selected and displayed as a representative of the typical rate of oxygen 
evolution for that strain. An example of the replicates for the Control strain is shown in 
Figure VI.II. The median replicate highlighted in Figure VI.II is used throughout this thesis 
as a representative of the rate of oxygen evolution in the Control strain when DMBQ is used 















































Figure VI.II. Oxygen evolution replicates of the Control strain using DMBQ as the electron acceptor. 




VI.III. Low temperature fluorescence emission spectra 
 Low temperature fluorescence spectra displayed in this thesis are the average of at 
least 3 independent biological replicates. An example of the biological replicates for the low 
temperature fluorescence spectra for the Control strain is shown in Figure VI.III. 
 
 
VI.IV. Chlorophyll a fluorescence assays 
For both chlorophyll a fluorescence induction and decay measurements, the data 
displayed in this thesis is the average of at least 3 independent replicates. An example of the 
chlorophyll a fluorescence replicates for the Control strain is shown in Figure VI.IV.  
 
 
Figure VI.III. Biological replicates of low temperature fluorescence spectra for the Control strain at 
(A) 440 nm excitation or (B) 580 nm excitation. The biological replicates are shown as blue dotted 








































































The thermoluminescence data shown in this thesis is the average of at least 3 
independent replicates. An example of the thermoluminescence replicates for the wild type 
strain is shown in Figure VI.V. The amplitude of thermoluminescence replicates frequently 
differes due to variation in the amount of chlorophyll a loaded in each assay. However, the 



















































Figure VI.IV. Replicates of the Control strain in (A) fluorescence induction assays, or (B) fluorescence 










































Figure VI.V. Thermoluminescence replicates of the Control strain in the absence of DCMU. Replicates are 



























Appendix VII  
Fluorescence decay in the presence and absence of DMBQ 
 Fluorescence decay assays were performed on the control, E244A, Y246A and 
E244A:Y246A strains in the presence and absence of 200 µM DMBQ. This was done to 
investigate how DMBQ affects QA
- to QB electron transfer, as this could affect the oxygen 
evolution results. Fluorescence decay assays are shown in Figure VII.I. Kinetic analysis of 
the fluorescence decay rates was performed to determine which pathways were being affected 




















Figure VII.I. Room temperature fluorescence decay assays in the presence and absence of DMBQ. 
Fluorescence emissions are measured following a single saturating actinic flash illuminating dark-
adapted cells. The strains are: (A) control, (B) E244A, (C) Y246A and (D) E244A. Dark-adapted cells 





Table VII.I. Kinetic analysis of the variable fluorescence decay following one single turnover flash in 
the presence of absence of 200 µM DMBQ. Total fluorescence is split into 3 kinetic components 
representing the 3 different processes of QA- oxidation. The error displayed in the table is the standard 
error calculated from at least 3 repeats. 
  
Fast Component Intermediate 
Component 
Slow Component 
Strain Treatment Rate              
(t1/2 = µs) 
Amplitude 
(%) 
Rate                
(t1/2 = ms) 
Amplitude   
(%) 
Rate           
(t1/2 = s) 
Amplitude   
(%) 
Control No 
Treatment 353 ± 15 64.7 ± 2.1 4.1 ± 0.2 25.6 ± 3.6 7.6 ± 1.7 9.7 ± 1.5 
 +DMBQ 3340 ± 46 62.7 ± 1.5 8.8 ± 2.1 22.2 ± 1.9 4.6 ± 0.2 15.0 ± 0.3 
E244A No 
Treatment 
339 ± 11 66.8 ± 0.3 74.3 ± 8.4 26.4 ± 0.1 7.4 ± 0.9 6.8 ± 0.2 
 
+DMBQ 303 ± 12 61.0 ± 0.3 26.7 ± 2.7 28.0 ± 1.0 5.2 ± 0.7 10.6 ± 0.8 
Y246A No 
Treatment 923 ± 31 28.9 ± 0.6 16.6 ± 2.5 12.0 ± 0.5 1.4 ± 0.1 59.1 ± 0.9 





669 ± 15 33.9 ± 0.6 13.8 ± 0.3 22.9 ± 0.1 2.3 ± 0.1 43.1 ± 0.7 





















Appendix VIII  


















Figure VIII.I. Room temperature fluorescence induction assays with bicarbonate and/or formate 
additions. Dark-adapted cells are illuminated with a constant actinic light (455 nm) and measured with 
blue measuring flashes (455 nm). The strains used were: control (A, full black symbols), E244A (B, 
empty black symbols), Y246A (C, full blue symbols), E244A:Y246A (D, empty blue symbols). Cells 
were treated 3 min prior to measurement with: no treatment (circles), 15 mM bicarbonate (squares), 25 
mM formate (triangles), 15 mM bicarbonate and 25 mM formate (diamonds). The cells were measured 
























Appendix IX  
Western blot analysis of thylakoid membrane proteins separated 
by BN-PAGE 
 
Western blot analysis was performed with α- P43, α- P47, α-D2 and α-PsaA antibodies 
to accompany the α-D1 western blot shown in Figure 6.4. The western blots were performed 
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A D B C 
Figure IX.I. Western blot analysis of thylakoid membrane proteins separated by BN-PAGE. (A) α-CP43, 
( ) α- P47, ( ) α-D2, (D) α-PsaA antibodies were used to detect specific proteins following the 
separation of solubilised thylakoid membrane proteins from the strains: control (lane 1), ΔPsbT (lane 2), 
F239A (lane 3), F239L (lane 4). Important photosystem II bands are labelled on the left; important PS I 


























Appendix X  
Two-dimensional PAGE analysis of the F239L strain 
 
The two-dimensional gels for the F239L strain were run according to section 2.4.13. The 
gel was not shown in chapter 6 due to the tear in the top left corner. Additionally, the overlay 
of the gel separating the F239L proteins and the gel separating the wild-type proteins showed 











Figure X.I. 2D gel electrophoresis analysis of F239L thylakoid membrane protein complexes.  
Solubilised thylakoid membrane proteins at an amount equivalent to 1 µg of chlorophyll a run on BN-
PAGE (4-16 %) then SDS-PAGE (12 %). (A) Coomassie-stained 2D-gel separating proteins from the 
F239L strain. (B) False-colored comparison of SYPRO Ruby-stained fluorescence emission for the 


























Appendix XI  
Mass spectrometry data 
2 dimensional PAGE of the wild type and the F239A, F239L and ΔPsbT mutants 
separated out all of the protein complex subunits from solubilised thylakoids. The protein 
subunits were stained to allow comparison of the various spot intensities. To identify the 
various spots, the spots were excised from the gel, and mass spectroscopy was used to 







 Mass spectrometry was performed by the Centre for Protein Research- University of 
Otago. The raw data provided by the Centre for Protein Research- University of Otago was 
Figure XLXXXVII.I.  oomassie stained 2 dimensional gels of wild type (A), ΔPsbT ( ), F239A ( ) 
and F239L (D). Stained protein spots for excision are circles in red and numbered. 2 dimensional 









































analysed using the program MASCOT (Matrix science). Relevant results of the MASCOT 
analysis are shown in Table XI.I. 
 
Table XI.I. Mass spectrometry analysis 
 ‘Spot #’ corresponds to the spots chosen for mass spectrometry in the 2D-gels shown in Figure 
III.I. ‘Proteins identified in the spot’ lists the protein discovered at the respective spot. 
 ‘Protein score’ indicates the confidence that the listed proteins are present in the spot. Any 
proteins with a score >25 were omitted as they were deemed as the confidence level was too 
low.  
 ‘Protein matches’ shows the number of times a protein fragment from the sample matched with 
the identified protein.  
 ‘Protein sequences’ shows the number of different protein fragments from the sample matched 
with the identified protein. This is different to the ‘Protein matches’ number as identical 
protein fragments will both count towards the number of protein matches, however, they only 
constitute a single section of the protein sequence.  
 ‘Protein coverage’ is a measure of how much of the whole protein sequence was detected 
through the protein fragments identified in the mass spectrometry. 
 ‘emPAI’ (exponentially modified protein abundeance index) is a measure of the calculated 
relative abundance of the various proteins identified in the spot. 
Spot 
# 











1  CP47 1211 29 13 29.2 7.64 
  CP43 253 6 5 13.5 0.82 
  D1 37 1 1 3.1 0.13 
       
2  CP47 829 19 10 27.2 2.6 
  CP43 396 10 8 25 1.58 
  NADH dehydrogenase subunit 7 207 7 6 16.7 1.12 
  pyridine nucleotide 
transhydrogenase β subunit 
112 2 2 5.8 0.21 
  D1 43 1 1 3.1 0.13 
       




  CP47 856 21 11 27.4 3.33 
  D2 105 3 3 9.1 0.44 
  Protein involved in constitutive low 
affinity CO2 uptake 
32 1 1 2.9 0.12 
       
4  D2 451 10 5 20.5 1.94 
  D1 307 10 6 20.3 2.3 
  NADH dehydrogenase subunit 1 173 4 4 13.2 0.6 
       
5  CP47 805 19 11 27.4 2.78 
  CP43 74 3 3 8.5 0.34 
  D1 46 1 1 3.1 0.13 
       
6  CP47 1109 23 13 33.1 4.03 
  ATP synthase β subunit 575 14 13 37.7 2.3 
  ATP synthase C chain of CF(0) 45 1 1 50.6 0.78 
  D1 33 1 1 3.1 0.13 
       
7  CP47 1096 26 13 34.7 5.5 
  P700 apoprotein subunit Ia 302 8 7 9.7 0.58 
  Periplasmic protein, ABC-type urea 
transport system substrate-binding 
protein 
161 5 5 13.7 0.63 
  CP43 101 2 2 5.4 0.21 
  P700 apoprotein subunit Ib 82 2 2 3.3 0.12 
  Enolase 69 2 2 5.1 0.23 
  Ferredoxin-NADP oxidoreductase 51 2 2 5.1 0.23 
  D1 46 1 1 3.1 0.13 
  D2 39 1 1 3.7 0.13 




  Nitrate/nitrite transport system 
substrate-binding protein 
30 1 1 2 0.1 
 
  Periplasmic substrate-binding and 
integral membrane protein of the 
ABC-type Bgt permease for basic 
amino acids and glutamine BgtB 
26 1 1 1.9 0.09 
       
8  CP47 1057 26 13 34.9 5.38 
  Periplasmic protein, ABC-type urea 
transport system substrate-binding 
protein 
112 3 3 10.5 0.36 
  Periplasmic substrate-binding and 
integral membrane protein of the 
ABC-type Bgt permease for basic 
amino acids and glutamine BgtB 
97 2 2 5.7 0.19 
       
9  CP47 867 23 13 34.9 4.84 
  Unknown protein 41 1 1 3.1 0.12 
  NADH dehydrogenase subunit 7 36 1 1 2.1 0.12 
       
10  CP47 538 14 9 27.2 2.06 
  Unknown protein 28 1 1 2.8 0.15 
       
11  CP43 847 19 11 28.9 4.5 
  CP47 647 16 10 24.7 2.03 
       
12  CP43 551 14 8 20.7 2.9 
  CP47 507 13 7 18.9 1.82 
  Protein involved in constitutive low 
affinity CO2 uptake 
80 2 2 5.5 0.27 
  NADH dehydrogenase subunit 4  40 1 1 3.4 0.1 
  D2 28 1 1 2.8 0.14 




13  CP43 764 18 12 32.8 4.52 
  NAD(P)-dependent glyceraldehyde-
3-phosphate dehydrogenase 
487 13 10 37.4 5 
  CP47 359 8 7 19.1 1.06 
  Peptidyl-prolyl cis-trans isomerase 240 7 7 19.2 1.24 
  Hypothetical protein YCF59 224 7 7 22.3 1.31 
  Phosphate-binding periplasmic 
protein precursor (PBP) 
96 4 3 12.5 0.46 
  Iron transport system substrate-
binding protein 
37 1 1 2.8 0.14 
  30S ribosomal protein S1 26 1 1 3.4 0.15 
       
14  CP43 853 18 12 30 3.98 
  Peptidyl-prolyl cis-trans isomerase 408 14 13 34.1 3.08 
  Hypothetical protein YCF59 207 6 6 18.7 0.96 
  Iron transport system substrate-
binding protein 
206 7 7 20 1.33 
  Quinol oxidase subunit I 151 3 3 7.7 0.3 
  Putative homolog of plant HCF136, 
which is essential for stability or 
assembly of photosystem II 
74 1 1 3.5 0.14 
  Na+/H+ antiporter 68 2 2 4.3 0.22 
  ATP synthase γ chain 64 1 1 3.5 0.15 
  Hypothetical protein 37 1 1 3.1 0.1 
       
15  Ammonium/methylammonium 
permease 
223 6 4 10.1 0.7 
  Sodium-dependent bicarbonate 
transporter 
129 2 2 7.5 0.27 
  30S ribosomal protein S2 87 3 3 13.8 0.6 
  Chaperon-like protein for quinone 
binding in photosystem II 
71 2 2 5.2 0.3 
  Unknown protein 52 1 1 3.8 0.15 
       




  Cytochrome b6f complex subunit 4 85 4 3 24.4 1.24 
  ATP synthase subunit b~ of CF(0) 56 1 1 9.8 0.33 
  Hypothetical protein 53 2 1 8.7 0.74 
  CP43 36 1 1 3 0.1 
       
17  D2 453 11 6 20.5 2.31 
  D1 229 8 6 20.3 1.3 
  Apocytochrome f,  component of 
cytochrome b6f complex 
175 4 4 16.2 0.71 
  Biopolymer transport ExbD like 
protein 
68 2 2 7.1 0.39 
  Phycobilisome rod linker 
polypeptide 
38 1 1 3.3 0.17 
  NADH dehydrogenase subunit 1 28 1 1 2.2 0.12 
       
18  Apocytochrome f,  component of 
cytochrome b6f complex 
693 15 8 32.6 4.74 
  D2 499 11 6 24.1 2.31 
  D1 290 9 7 22.2 1.59 
  Phycobilisome rod linker 
polypeptide 
28 1 1 3.3 0.17 
       
19  D1 517 13 7 22.2 2.71 
  D2 204 5 4 15.3 0.82 
  Phycobilisome rod-core linker 
polypeptide 
50 2 2 8.4 0.39 
       
20  D1 503 15 6 20.3 2.71 
  D2 339 7 5 20.5 1.32 
  ATP-binding subunit of the ABC-
type Bgt permease for basic amino 
acids and glutamine 
44 1 1 6 0.18 
  Phycobilisome rod-core linker 
polypeptide 
34 1 1 4.4 0.18 




21  D2 239 6 4 15.3 1.05 
  NADH dehydrogenase subunit 1  216 8 6 17.7 1.26 
  D1 112 3 3 9.4 0.43 
       
22  NADH dehydrogenase subunit 
NdhK 
901 25 10 45.6 36.66 
  D1 301 9 6 20.3 1.59 
  D2 125 3 3 9.1 0.43 
  NADH dehydrogenase subunit 1 93 2 2 8.1 0.26 
       
23  Cytochrome b559 α subunit 232 6 3 46.9 11.52 
  D1 144 4 3 11.7 0.45 
       
24  Photosystem II psbH protein 117 3 1 21.9 0.93 
  Hypothetical protein 31 1 1 14.8 1.06 
       
25  Cytochrome b559 β subunit 205 5 1 38.6 14.67 
  Photosystem II psbH protein 77 2 1 21.9 0.9 
       
26  Cytochrome b6f complex subunit 4 67 2 2 8.8 0.71 
  Cytochrome c oxidase subunit II 49 1 1 2.7 0.14 
       
27  Photosystem II psbH protein 68 2 1 21.9 0.9 
       
28  No significant matches      
       
29  No significant matches      




30  Periplasmic protein, ABC-type urea 
transport system substrate-binding 
protein 
1097 27 17 46.9 6.84 
  Elongation factor Tu 355 9 8 23.3 1.38 
  Ferredoxin-NADP oxidoreductase 243 9 9 24 1.51 
  Nitrate/nitrite transport system 
substrate-binding protein 
237 7 7 20.2 0.97 
  Periplasmic binding protein of ABC 
transporter for natural amino acids 
111 1 1 3.5 0.11 
  CP47 91 3 3 6.5 0.29 
  Geranylgeranyl hydrogenase 74 1 1 3.2 0.11 
  Zeta-carotene desaturase 55 1 1 2.5 0.09 
       
31  Periplasmic protein, ABC-type urea 
transport system substrate-binding 
protein 
1100 28 19 49.3 8.59 
  Elongation factor Tu 414 11 11 32.1 2.3 
  CP47 382 11 8 18.9 1.15 
  Nitrate/nitrite transport system 
substrate-binding protein 
357 9 8 21.1 1.39 
  Ferredoxin-NADP oxidoreductase 239 8 8 18.9 1.27 
  Periplasmic binding protein of ABC 
transporter for natural amino acids 
219 3 3 11.9 0.36 
  Geranylgeranyl hydrogenase 66 2 2 7.6 0.24 
  CP43 64 1 1 3.5 0.1 
  Hypothetical protein YCF59 34 1 1 3.4 0.12 
       
32  Cytochrome b6 401 11 5 27.9 5.7 
  Phycocyanin β subunit 345 9 9 60.5 9.6 
  50S ribosomal protein L9 121 3 3 24.3 1.35 
  Allophycocyanin α subunit 106 2 2 14.9 0.72 
  30S ribosomal protein S5 45 2 2 16.2 0.68 
  50S ribosomal protein L13 32 1 1 6.6 0.32 
  Mannose-1-phosphate 
guanyltransferase 




       
33  Cytochrome b559 b subunit 66 2 1 38.6 5.26 
  Photosystem II psbH protein 32 1 1 21.9 0.9 
  Hypothetical protein 27 1 1 10.7 0.49 
       
34   Phycocyanin α subunit 357 10 6 32.1 13.51 
  Allophycocyanin β subunit 106 2 2 19.3 0.72 
  Allophycocyanin α subunit 37 1 1 6.2 0.31 
  ATP synthase B chain (subunit I) of 
CF(0) 
30 1 1 4.5 0.27 
       
35  No significant matches      
       
36  Hypothetical protein 297 10 6 19.5 2.82 
  Phycobilisome rod-core linker 
polypeptide 
268 10 8 33.3 4.14 
  Phycobilisome rod linker 
polypeptide 
167 4 4 16.1 0.85 
  Photosystem II manganese-
stabilizing polypeptide 
116 4 4 17.5 0.88 
  Protein-export membrane protein 
SecF 
79 3 3 11.7 0.51 
  Periplasmic protein, function 
unknown 
75 3 3 13.1 0.6 
  30S ribosomal protein S3 60 2 2 7.1 0.42 
  Pilin polypeptide PilA1 36 1 1 7.7 0.31 
       
37  CP47 596 16 11 29.2 2.29 
       
38  Phosphate-binding periplasmic 
protein precursor (PBP) 
398 12 8 26.9 1.58 
  CP47 384 10 8 23.1 1.34 
  CP43 357 9 8 27.2 1.33 
  Fatty acid/phospholipid synthesis 
protein PlsX 




  Hypothetical protein YCF59 139 5 5 16.5 0.75 
  30S ribosomal protein S1 100 4 4 11.6 0.68 
  Hypothetical protein 84 2 2 6.2 0.25 
  Iron transport system substrate-
binding protein 
81 4 3 8.6 0.43 
  Inosine-5~-monophosphate 
dehydrogenase 
32 1 1 2.6 0.12 
  Fructose-1,6-/sedoheptulose-1,7-
bisphosphatase 
27 1 1 4.1 0.14 
       
39  Cytochrome b6 64 2 2 13.1 0.46 
  Mannose-1-phosphate 
guanyltransferase 
31 1 1 1.1 0.05 
  Phycocyanin β subunit 27 1 1 4.1 0.3 
       
40  CP47 615 16 10 27 2.58 
  CP43 130 4 2 7 0.46 
  Unknown protein 77 1 1 2.7 0.09 
  Cell division protein FtsH 73 2 2 3.8 0.15 
  Periplasmic protein, ABC-type urea 
transport system substrate-binding 
protein 
33 1 1 2.2 0.1 
       
41  Cytochrome b6f complex subunit 4 123 5 4 10 1.93 
  50S ribosomal protein L12 86 3 3 24.2 1.88 
  Cytochrome c oxidase subunit II 44 1 1 2.7 0.14 
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Appendix XIII  
D1 alignment from x-ray crystal structures 
 
 
Table. XIII.I Alignment of the amino acid sequence of the D1 protein in Synechocystis sp. PCC 6803 with 
the D1 amino acid sequence from relevant x-ray crystal structures. The Thernosynechococcus Elongatus 
sequence comes from the 6DHE x-ray structure (Kern et al., 2018).  The Thernosynechococcus Vulcanus 
sequence comes from the 3WU2 x-ray structure (Umena et al., 2014). The Pisum Sativum sequence 
comes from the 5XNL x-ray structure (Su et al., 2017). The Cyanidium Caldarium sequence comes from 
the 4YUU x-ray structure (Ago et al., 2016). 
Residue number 1                 20 
Synechocystis sp. PCC 6803 M T T T L Q Q R E S A S L W E Q F C Q W 
Thermosynechococcus Elongatus M T T T L Q R R E S A N L W E R F C N W 
Thermosynechococcus Vulcanus M T T T L Q R R E S A N L W E R F C N W 
Pisum Sativum (Pea) M T A I L E R R D S E N L W G R F C N W 
Cyanidium Caldarium (Red Alga) M T V T L E R R E S T S L W E R F C S W 
 21                 40 
Synechocystis sp. PCC 6803 V T S T N N R I Y V G W F G T L M I P T 
Thermosynechococcus Elongatus V T S T D N R L Y V G W F G V I M I P T 
Thermosynechococcus Vulcanus V T S T D N R L Y V G W F G V I M I P T 
Pisum Sativum I T S T E N R L Y I G W F G V L M I P T 
Cyanidium caldarium I T S T E N R L Y I G W F G V L M I P C 
 41                 60 
Synechocystis sp. PCC 6803 L L T A T T C F I I A F I A A P P V D I 
Thermosynechococcus Elongatus L L A A T I C F V I A F I A A P P V D I 
Thermosynechococcus Vulcanus L L A A T I C F V I A F I A A P P V D I 
Pisum Sativum L L T A T S V F I I A F I A A P P V D I 
Cyanidium caldarium L L T A T T V F I I A F I A A P P V D I 
 61                 80 
Synechocystis sp. PCC 6803 D G I R E P V A G S L L Y G N N I I S G 
Thermosynechococcus Elongatus D G I R E P V S G S L L Y G N N I I T G 
Thermosynechococcus Vulcanus D G I R E P V S G S L L Y G N N I I T G 
Pisum Sativum D G I R E P V S G S L L Y G N N I I S G 
Cyanidium caldarium D G I R E P V S G S L L Y G N N I I T G 
 81                 100 
Synechocystis sp. PCC 6803 A V V P S S N A I G L H F Y P I W E A A 
Thermosynechococcus Elongatus A V V P S S N A I G L H F Y P I W E A A 
Thermosynechococcus Vulcanus A V V P S S N A I G L H F Y P I W E A A 
Pisum Sativum A I I P T S A A I G L H F Y P I W E A A 
Cyanidium caldarium A V V P T S N A I G L H L Y P I W E A A 
 101                 120 
Synechocystis sp. PCC 6803 S L D E W L Y N G G P Y Q L V V F H F L 
Thermosynechococcus Elongatus S L D E W L Y N G G P Y Q L I I F H F L 
Thermosynechococcus Vulcanus S L D E W L Y N G G P Y Q L I I F H F L 
Pisum Sativum S V D E W L Y N G G P Y E L I V L H F L 
Cyanidium caldarium S L D E W L Y N G G P Y Q L V V L H F L 
 121                 140 
Synechocystis sp. PCC 6803 I G I F C Y M G R Q W E L S Y R L G M R 
Thermosynechococcus Elongatus L G A S C Y M G R Q W E L S Y R L G M R 
Thermosynechococcus Vulcanus L G A S C Y M G R Q W E L S Y R L G M R 
Pisum Sativum L G V A C Y M G R E W E L S F R L G M R 
Cyanidium caldarium L G V A A Y M G R E W E L S Y R L G M R 
 141                 160 
Synechocystis sp. PCC 6803 P W I C V A Y S A P V S A A T A V F L I 
Thermosynechococcus Elongatus P W I C V A Y S A P L A S A F A V F L I 
Thermosynechococcus Vulcanus P W I C V A Y S A P L A S A F A V F L I 
Pisum Sativum P W I A V A Y S A P V A A A T A V F L I 






Residue number 161                 180 
Synechocystis sp. PCC 6803 Y P I G Q G S F S D G M P L G I S P T F 
Thermosynechococcus Elongatus Y P I G Q G S F S D G M P L G I S P T F 
Thermosynechococcus Vulcanus Y P I G Q G S F S D G M P L G I S P T F 
Pisum Sativum Y P I G Q G S F S D G M P L G I S P T F 
Cyanidium caldarium Y P I G Q G S F S D G M P L G I S P T F 
 181                 200 
Synechocystis sp. PCC 6803 N F M I V F Q A E H N I L M H P F H M L 
Thermosynechococcus Elongatus N F M I V F Q A E H N I L M H P F H Q L 
Thermosynechococcus Vulcanus N F M I V F Q A E H N I L M H P F H Q L 
Pisum Sativum N F M I V F Q A E H N I L M H P F H M L 
Cyanidium caldarium N F M L V F Q A E H N I L M H P F H M A 
 201                 220 
Synechocystis sp. PCC 6803 G V A G V F G G S L F S A M H G S L V T 
Thermosynechococcus Elongatus G V A G V F G G A L F C A M H G S L V T 
Thermosynechococcus Vulcanus G V A G V F G G A L F C A M H G S L V T 
Pisum Sativum G V A G V F G G S L F S A M H G S L V T 
Cyanidium caldarium G V A G V F G G A L F S A M H G S L V T 
 221                 240 
Synechocystis sp. PCC 6803 S S L V R E T T E V E S Q N Y G Y K F G 
Thermosynechococcus Elongatus S S L I R E T T E T E S A N Y G Y K F G 
Thermosynechococcus Vulcanus S S L I R E T T E T E S A N Y G Y K F G 
Pisum Sativum S S L I R E T T E N E S A N E G Y R F G 
Cyanidium caldarium S S L I R E T T E N E S P N Y G Y K L G 
 241                 260 
Synechocystis sp. PCC 6803 Q E E E T Y N I V A A H G Y F G R L I F 
Thermosynechococcus Elongatus Q E E E T Y N I V A A H G Y F G R L I F 
Thermosynechococcus Vulcanus Q E E E T Y N I V A A H G Y F G R L I F 
Pisum Sativum Q E E E T Y N I V A A H G Y F G R L I F 
Cyanidium caldarium Q E E E T Y N I V A A H G Y F G R L I F 
 261                 280 
Synechocystis sp. PCC 6803 Q Y A S F N N S R S L H F F L G A W P V 
Thermosynechococcus Elongatus Q Y A S F N N S R S L H F F L A A W P V 
Thermosynechococcus Vulcanus Q Y A S F N N S R S L H F F L A A W P V 
Pisum Sativum Q Y A S F N N S R S L H F F L A A W P V 
Cyanidium caldarium Q Y A S F N N S R A L H F F L G L W P V 
 281                 300 
Synechocystis sp. PCC 6803 I G I W F T A M G V S T M A F N L N G F 
Thermosynechococcus Elongatus V G V W F A A L G I S T M A F N L N G F 
Thermosynechococcus Vulcanus V G V W F A A L G I S T M A F N L N G F 
Pisum Sativum V G I W F T A L G I S T M A F N L N G F 
Cyanidium caldarium V G I W L T S I G I S T M A F N L N G L 
 301                 320 
Synechocystis sp. PCC 6803 N F N Q S I L D S Q G R V I G T W A D V 
Thermosynechococcus Elongatus N F N H S V I D A K G N V I N T W A D I 
Thermosynechococcus Vulcanus N F N H S V I D A K G N V I N T W A D I 
Pisum Sativum N F N Q S V V D S Q G R V I N T W A D I 
Cyanidium caldarium N F N Q S I V D S Q G R V I N T W A D I 
 321                 340 
Synechocystis sp. PCC 6803 L N R A N I G F E V M H E R N A H N F P 
Thermosynechococcus Elongatus I N R A N L G M E V M H E R N A H N F P 
Thermosynechococcus Vulcanus I N R A N L G M E V M H E R N A H N F P 
Pisum Sativum I N R A N L G M E V M H E R N A H N F P 
Cyanidium caldarium I N R A N L G I E V M H E R N A H N F P 
 341                 360 
Synechocystis sp. PCC 6803 L D L A S G E Q A P V A L T A P A V N G 
Thermosynechococcus Elongatus L D L A                 
Thermosynechococcus Vulcanus L D L A                 
Pisum Sativum L D L A                 
Cyanidium caldarium L D L A                 
